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ABSTRACT
Three montmorillonites SWy-2 (Wyoming, USA), STx-1 (Texas, USA) and SAz-1 (Cheto, 
Arizona, USA) and one saponite Sap-Ca (California, USA) were treated with different 
amounts of 12 M HC1 and 1 M tetramethylammonium (TMA+) solution. The catalysts were 
characterised by X-ray diffraction (XRD) and thermogravimetric analysis (TGA). The 
catalytic activity of these acid-activated organoclays (AAOCs) was measured using the 
isomerisation of a-pinene at 120 °C for 1 h to yield camphene and limonene and compared 
to clays acid-treated in the absence of TMA+. The total conversion for the isomerisation was 
excellent for AAOCs formed from SWy-2 (88%) and STx-1 (73%), moderate for Sap-Ca 
(50%) and low for SAz-1 (20%). Samples treated alone with TMA+ did not exhibit any 
marked catalytic activity, which reached an optimum at intermediate TMA+-loadings. Acid- 
treated Sap-Ca and STx-1, which contained no TMA+ cations were also effective catalysts for 
the isomerisation process. TMA+ cations were unexpectedly resistant to exchange by protons. 
The same clays were activated with aluminium and TMA+ to obtain materials with a 
combined Al3+ and TMA+ content equal to their CECs. The number of acid sites was 
measured using the thermal desorption of cyclohexylamine and the catalytic activity was 
evaluated using the same test reaction and compared to clays in absence of TMA+. A 
reduction in both acidity and catalytic activity was observed in samples activated with an 
AkTMA ratio < 0.66. The activity of the catalysts remained almost constant for the overall 
conversion when the aluminium content was >70% in either the presence or absence of 
TMA+. The total conversion followed the order Sap-Ca > STx-1 > SWy-2 > SAz-1 in both 
samples treated with Al3+ and A13+/TMA+. Aluminium activated organoclays using divalent 
organocations (l,4-diazabicyclo[2.2.2]octane (DABCO) and 1,5-diaminopentane (DAP)) 
were also prepared from SWy-2 to compare the activity with those obtained using TMA+. 
The order of activity was Al/TMA > Al/DABCO > Al/DAP. The increment in the A1 content 
did not cause a significant effect on the activity. The acidity of these samples was given by 
protons arising from different equilibria. SWy-2, Sap-Ca and SAz-1 were ion-exchanged 
(IECs) with different cations (Al, Ca, Mg, Na and Ni) using various exchange treatments. It 
was found that the exchange treatment had a marked influence upon the total conversion of 
a-pinene. The order of activity for IECs was Al > Ni > Mg > Ca > Na, with Sap-Ca being 
more active than SWy-2 and SAz-1.
Aluminium activated clays and organoclays derived from STx-1 were saturated with hept-1- 
ene. The samples were heated and the gases evolved analysed by FTIR and GC-MS. Hept-1- 
ene reacted with the clays via proton transfer and resulted in the formation of a variety of 
reaction products (more than 60 hydrocarbons). TMA+ cations reduced the population of 
protons to selectively produce isomerisation and hydration products.
The thermal stability of four clays [JP (montmorillonite, JelSovy Potok, Slovakia), SAz-1 
(montmorillonite, Cheto, Arizona, USA), ST (beidellite, Stebno, Czech Republic) and SWa-1 
(montmorillonite, Washington, USA)] in the Na- and autotransformed (An)-forms were 
exchanged with alkylammonium ions of variable chain lengths. The Na-organoclays were 
more resistant to thermal decomposition than for An-organoclays derived from SAz-1, JP and 
ST, but not for SWa-1 in which both series of samples had similar thermal behaviour. The 
weight loss registered for An-organoclays was higher than for Na-organoclays. TG-FTIR 
revealed the organoclays underwent thermal decomposition to produce ammonia, aliphatic 
hydrocarbons, CO2 and water.
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1
A. J. Moronta, Preparation, Characterisation and Catalytic Activity o f Acid-Activated OrganoClays
1.0 Overview
Clay minerals are among the world’s most important and useful industrial materials. They 
play a key role in geology, agriculture and construction. Catalysts based on clays have been 
used in a wide variety of chemical reactions for many years. These minerals are highly 
versatile, affording both industrial (petroleum, etc.) and laboratory applications.1'3 Currently, 
they are receiving considerable attention, because the environmental protection agencies 
want to move to less polluting industrial processes, which represent a convenient, cheap and 
alternative sources to the expensive manufactured catalysts. Catalysts derived from clay can 
provide such advantages.
Natural untreated clays possess a very low ability to catalyse reactions in either polar or non­
polar media. However, the structural properties of these materials can be modified by various 
activation methods in order to produce catalysts with high acidity, surface area, porosity and 
thermal stability. In this investigation, acid treatment, intercalation of organic cations and 
ion-exchange have been employed alone and in combination. The resulting catalysts have 
been characterised by X-ray diffraction (XRD), thermogravimetric analysis (TGA), 
elemental analysis and inductively couple plasma (ICP) spectrometry.
Additionally, TGA has been used in combination with other analytical techniques to provide 
further information about the species evolved during the heating process, these are: (1) 
Fourier Transform Infrared Spectroscopy (TG-FTIR), (2) Mass Spectrometry (TG-MS), 
system in which the FTIR can be also assembled (TG-FTIR-MS) and (3) the coupling of an 
organic trap module with Gas Chromatography-Mass Spectrometry (TG-OTM-GC-MS).
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1.1 Overall Objectives
To prepare, characterise and evaluate acid-activated organoclays as catalysts for a non-polar 
medium reaction.
To develop effective solid acid catalysts based on saponites and to compare them with 
montmorillonites.
To investigate how the type of the clay, the extent of acid treatment and the nature/loading of 
the organic and/or inorganic exchange cation affect the structural composition of the clays.
To enhance understanding of how surface acidity and catalytic activity are developed in clay- 
based catalyst.
To study the mechanism of olefin adsorption/desorption by combining different techniques 
and to attempt to identify the products desorbed from the surface of aluminium-activated 
clays and aluminium-activated organoclays at certain temperatures.
To examine the thermal desorption/decomposition of acid-treated clays exchanged with 
alkylammonium cations of increasing chain length and to compare the organoclays in terms 
of their thermal stability.
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1.2 General Introduction to the Thesis
Acid-activated clays have been used as an effective source of protons for a considerable 
period, finding particular applications in industrial processes such as the alkylation of 
phenols,4 polymerisation of unsaturated hydrocarbon,5*6 clarification of edible oils7 and 
carbonless copying paper.8
The surface properties of natural clays can be also modified by replacing natural inorganic 
exchange cations by larger alkylammonium ions.9'12 These ions act as “pillars” which hold 
the aluminosilicate sheets permanently apart and increase the interlamellar spacing and 
expose new sorption sites on the clays.13'15 As the inorganic cations are progressively 
replaced by organic cations, the surface properties of the clay change from highly hydrophilic 
to increasingly organophilic (hydrophobic). These materials, referred to as organoclays 
exhibit high adsorption capacity towards hydrophobic molecules.16'18
Useful modifications can be also produced by treating the clay with highly polarising species 
such as aluminium, chromium, iron or metal hydroxy polymeric cations.19'23
The research work presented in this thesis is a combination and expansion of all these ideas 
to produce novel materials based on clays (acid-activated organoclays) as catalysts.
A catalytic aggregate is a substance, which speeds up a chemical reaction and is recovered 
unchanged at the end of the reaction process. Many substances can act as catalysts including 
metals such as platinum, palladium, nickel, silver, molybdenum, tungsten, etc. and metal 
oxides such as alumina, silica gel, vanadium pentoxide, etc.
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Catalysts based on natural clays were used more than 70 years ago to promote organic
reactions, being later (in the mild-1960’s) supplanted by zeolites and synthetic clays. Clays
present two advantages that make them useful in catalysis: a large particle surface area due-to
the their small grain size; and a large internal, chemically active surface area due to their
adsorptive properties.
Combining acid-activation with alkylammonium intercalation provides a potential 
enhancement of the clay properties. In the first instance, the clay is hydrogen-saturated by 
cation exchange in acid solution (acidifying process), resulting in a proton rich environment 
when presented to organic molecules. In the second instance, the catalytic abilities can be 
further improved by providing organic cations in the interlamellar space, which permit access 
to and interact effectively with organic molecules. The possibilities for catalysis in these 
systems are therefore much greater because both the internal and the external surfaces are 
available for reaction.24*25 The first part of this study was to build a body of information 
concerning the effect of the acid treatment alone and in combination with 
tetramethylammonium (TMA+) on the catalytic activity towards the isomerisation of a- 
pinene of three montmorillonites and one saponite. In addition, the ability of TMA+- and 
trimethylphenylammonium (TMPA+)-cations to compete with protons for clay exchange sites 
was assessed by consistently offering a fixed quantity of organocation in the presence of 
increasing quantities of acid. The properties and activities of the H*/TMA+ - and H*/TMPA+ - 
clays were compared with catalysts prepared without TMA+ or TMPA+.
Complementary studies involved the combination of Al3+ and TMA+ to compare the clays 
directly without damaging the octahedral sheet and to further investigate if the A13+/TMA+
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exchange imparts a better acidity. The combination of aluminium with divalent
organocations of different shapes (l,4-diazabicyclo[2.2.2]octane, DABCO and 1,5-
diaminopentane, DAP) was also investigated. Supplementary techniques were used to
correlate the number of acid sites, determined from the thermal desorption of
cyclohexylamine, with the catalytic activity for the acid catalysed transformation of a-pinene
to camphene and limonene. The test reaction was also applied to montmorillonites saturated
with various inorganic cations to study the effect of the interlayer cation on the catalytic
activity.
To complete the above-mentioned aims, clays from various sources were examined, since it 
is now widely accepted that clays with different structures are acid leached at variable rates. 
For example montmorillonites with high octahedral Mg or Fe content leach more readily than 
those which contain a high octahedral A1 population.
Numerous papers have been published describing the reaction of olefins on natural or 
exchanged clays in the range 80-150 °C. Nevertheless, very few of them have reported the 
adsorption of olefins on clays at room temperature. Thus a part of this thesis involves a series 
of studies addressed to evaluate and identify the desorption products formed during the heat 
treatment of hept-l-ene on aluminium-activated clays and aluminium-activated organoclays. 
Additionally, the adsorption/desorption of heptan-l-ol and heptan-2-ol on the same series of 
clays was carried out in order to verify dehydration of the respective alcohol and the 
corresponding formation of alkene products. A powerful analytical technique “Synergic 
chemical analysis” has been used, which is especially suited to catalyst research. The 
Synergy System involves the combination of versatile analytical techniques, the
Chapter 1. Introduction to the Thesis 6
A. J. Moronta, Preparation, Characterisation and Catalytic Activity o f Acid-Activated OrganoClays 
thermogravimetric (TG) analyser being the principal component, in which the sample weight
loss is recorded as it is heated up at a controlled temperature rate. Fourier Transform Infrared
(FTIR) can identify the characteristic functional groups of the evolved gas during the heating
process. This particular combination is named Real Time TG-FTIR. Useful information can
be also achieved connecting the TG to a Mass Spectrometer, which breaks up the molecule
(from the evolved gas) and identifies it from the diagnosis fragmentation pattern. This
assembly is called Real Time TG-MS. If the evolved gas is a very complex mixture, then the
individual compounds can be trapped using an organic trap module (OTM), being then
transferred and separated using gas chromatography and finally analysed by MS. This
arrangement of techniques is called TG-OTM-GC-MS.
The properties of organoclay complexes depend upon the nature of the intercalated organic 
molecule but also strongly upon the physicochemical nature of the host ciystal. The final 
part of this work focused on the exchange of quaternary ammonium (n-alkylammonium 
chlorides), with a variable carbon chain length into, Na-exchanged and autotransformed clays 
with different crystallinity and homogeneity of charge distribution. In this part, special 
emphasis was placed on the thermal desorption/decomposition process of the organoclays 
and their spectral characteristics, followed by Real Time TG-FTIR.
In order to understand the chemistry of clay minerals as catalysts it is imperative to bear in 
mind their native crystalline structure, physicochemical properties and interactions. This is 
covered in Chapter 2, which is devoted to clay mineralogy.
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2.0 Introduction
Clay minerals are the most abundant sedimentary mineral group. They predominate in the 
colloidal fractions of soils, sediments, rocks and waters and are classified as phyllosilicates 
(usually hydrous aluminosilicates).
In Geology the word clay is used in two ways: firstly as a rock classification which generally 
implies an earthy, fine-grained material that develops plasticity on mixing with limited 
amount of water. Secondly, it is used as a particle term, which describes clays as minerals 
which have a particle size <4fim,30 although the modem tendency is to define clays as having
*5 1particles sizes <2ji,m as fractions of this size generally give a very pure mineral.
Clays have been one of the most important minerals for man for centuries. The first recorded 
application of clay as a catalyst, was reported by Bondt, et al.,32 who investigated the 
dehydration of alcohol in 1797. Nowadays, clay minerals science has found a diverse variety 
of industrial applications (Table l).33 In order to understand better the relationship between 
the clays and their uses, a brief discussion of the structure is given.
Drilling mud Medical formulation Crayons Cement
Foundry bond clay Polishing agents Detergents Desiccants
Pelletizing iron ores Pharmaceutical Aerosols Cosmetics
Sealants Adhesives Beer clarification Paint Paper
Animal feed bonds De-inking paper Fillers Ceramics
Bleaching earth Emulsion stabilisers Catalysts Pencil leads
Oil absorbents Agricultural carriers Food additives
Table 1. Industrial uses of clays (smectites)33
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2.1 Structure of Clays
2.1.1 Basic Units
Before describing a complete clay structure it is necessary to understand the fundamental 
molecular units involve in the clay structure and the arrangements of these units in the overall 
patterns common to all clays.
2.1.1.1 Octahedra
This unit consists of two sheets of closely packed oxygens or hydroxyls in which the Al3+, 
Fe2’3+, or Mg2+ atoms are embedded in an octahedral co-ordination, so that they are 
equidistant from six oxygens or hydroxyls (Figure 1). If only two of the three possible 
positions are occupied by trivalent aluminium the structure is called dioctahedral. If all three 
octahedral positions are occupied by divalent magnesium the structure is referred as 
trioctahedral.
(a) (b)
Q  and (  ) = Hydroxyls i Aluminium, Magnesium, etc.
Figure 1. Diagrammatic representation of: (a) single octahedral unit and (b) the sheet of 
the octahedral units.
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2.1.1.2 Tetrahedra
This unit is composed of silica tetrahedra (Figure 2a), in which each Si atom is bonded to 
four oxygens or hydroxyls. The silica tetrahedra are arranged to form a hexagonal network 
(Figure 2b), which is reproduced indefinitely to form a sheet of composition Si406(0H)4 
(Figure 2c).
(a) O n d  Q = Oxygens
Figure 2. Diagrammatic representation of: (a) single tetrahedron unit, (b) the sheet of 
the tetrahedron units and (c) the double chain of silica tetrahedra projected on the ab 
plane.
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2.1.1.3 The Formation of the Aluminosilicate Layer
Due to the symmetry and dimensional similarities of the octahedral and tetrahedral sheets, 
they can be combined in different structural arrangements resulting in a variety of clay 
mineral sub-groups. Condensation of one tetrahedral (T) sheet with one octahedral (O) sheet 
results in a structure referred to as 1:1 or T:0. It is also possible to combine a further 
tetrahedral sheet on the opposite side of the octahedral sheet resulting in a 2:1 or T:0:T 
structure. Depending on the combination ratio of these sheets, the clays can be classified in 
the following groups: Kaolin, Halloysite, Talc, Smectite, Chlorite, Micas and Vermiculite.
Smectite is one of the most useful of the swelling clays. It is composed of units consisting of 
two silica tetrahedral sheets with a central octahedral sheet T:0:T (Figure 3)34'36 of both 
dioctahedral and trioctahedral types. Table 2 shows the principal members of the smectite 
group.
Origin of Trioctahedral Dioctahedral
layer charge Smectites Smectites
Hectorites Montmorillonites
Octahedral (Mg6.xLiK)(Si8)02o(OH)4.xM+ (Al4.xMgx)(Si8)02o(OH)4.xM+
Nontronite
Saponite (Fe43+)(Si8-yAly)0 2o(OH)4.yM+
Tetrahedral (Mg6)(Si8.yAly)0 2o(OH)4.yMt Beidelite
(ALt)(Si8-yAly)0 2o(OH)4.yM+
Table 2. The idealised structural formulae of the principal smectites.
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[oh]
[oh
Exchangeable cations 
nH20
O  Oxygens @ )  Hydroxyls 0  Aluminum, iron, magnesium 
O and £  Silicon, occasionally aluminum
Figure 3. Diagrammatic representation of the structure of montmorillonite.34 36
2.2 Isomorphous Substitution
In smectites there can be considerable substitution in either the octahedral or tetrahedral 
sheet, giving rise to a varying degree of substitution in both sheets (Figure 4).37 This 
phenomenon is responsible for some important properties of clays minerals. Substitution in 
the octahedral sheet usually by Fe3+ and Mg2+ for Al3+, creates a de-localised charge
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deficiency in the layer.38 Also, there can be substitution in the tetrahedral sheets of A1 for Si 
which again creates a more localised charge imbalance. In smectites this effect accounts for 
approximately 80% of the total cation exchange capacity (CEC). The generated charge 
deficiency is balanced by exchangeable cations between the unit layers and around the edges. 
In natural clays Ca, Mg, Na and K are the predominant exchangeable cations.39
Isomorphic 
Substitution in 
the octahedral 
layer
Isomorphic 
Substitution in 
the tetrahedral 
layer
Figure 4. Showing the isomorphous substitution in the octahedral sheet (top) and 
tetrahedral (bottom) sheets.37
2.2.1 Broken Edges
Undercoordinated metal ions (Si4+, Al3+, Fe3+) on the broken edges on the surface of the clay 
can react with water molecules to form surface hydroxyl groups (Figure 5)37 in an attempt to 
complete their coordination sphere. The overall contribution of these edge sites to the CEC is 
approximately 20%, and depends strongly on the size and shape of the clay particle. As the 
particle size decreases, the contribution of broken sites to the reactivity of the clay particle 
becomes significant.
delocalized charge distribution
M g "  >Al"
localized charge distribution
Aia+^Si^T iff
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Undercoordinated Metal Atoms on Broken Edge Surfaces 
Exposed A1 atom-
Exposed Si atom 
(potential silanol 
group)
Figure 5. Showing the broken edges and undercoordinated metal ions (Si and Al) 
located on the edges of kaolinite.37
2.2.2 Layer Charge
Depending upon the degree of isomorphous substitution, clay minerals are classified into 
three major categories:
a. Neutral lattice structures (kaolinite and serpentine 1:1, talc and pyrophyllite 2:1, 
chlorite 2:1 + 1). In these structures the 2:1 or 1:1 units of interlinked tetrahedra and 
octahedra have a net charge of zero. The substitution within the sheets is cancelled 
electrostatically and the individual layers (2:1, 1:1 and 2:1 + 1) are bound into a ciystal 
by low energy bonds (van der Waals type). The main bonding forces between the layers 
of kaolinite and halloysite are hydrogen bonds between -OH on one layer and a bridging 
-O- on the next.40
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b. High-charge mica structures (0.9-1.0 charge) In these minerals there is a charge 
imbalance due to isomorphous substitution in the basic 2:1 structures, which is 
compensated by interlayer ions between the layers bonding them together. The charge* on 
the 2:1 layer is near 1. The interlayer ion is firmly held between the adjacent layers and it 
is an integral part of the structure that is extremely difficult to exchange.
c. Low-charge 2:1 structures (0.2-0.9 charge) where there is a net charge imbalance on the 
tetrahedral-octahedral network of 0.2-0.9, compensated by loosely held ions in the 
interlayer position which can be easily exchanged in aqueous solution. These minerals 
swell (incorporate polar molecules between the layers) attracting various types of 
molecules between the 2:1 layers by the electrostatic charge. The low charge means that 
the cations are not fixed between the layers.
2.3 Cation Exchange Capacity (CEC)
To a greater or lesser degree, based on their layer charge, many clays have the ability to 
adsorb exchange cations from solution. It is this cation storage that makes clays such an 
important component of many soils. A typical montmorillonite can exchange over 100 
millimoles of Mn+ cations per lOOg of clay.
The ideal structures of the clay minerals depicted above are often deviated from in a number 
of ways introducing charge imbalances into the structure, mainly isomorphous substitution. 
As mentioned above, the overall negative charge is balanced by adsorption of metal cations 
into the interlayer region of the clay mineral.39
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More information is available regarding cation exchange than anion exchange. In clay 
minerals the common exchangeable cations are calcium, magnesium, hydrogen, potassium, 
ammonium and sodium, approximately in that order of general relative abundance. The 
common anions in clay minerals are sulphate, chloride, phosphate, and nitrate. A typical 
montmorillonite will have Na+, Ca2+ or Mg2+ cations in the interlayer space. These cations 
are hydrated, usually hexa(aquo), and the remainder of the interlayer is filled by a variable 
amount of water which can swell the clay. The interlayer cations are much less strongly 
bound than the layer cations and will thus easily exchange with cations from an aqueous 
solution.41 This sorption from solution is normally considered as a simple exchange process.
The exchangeability of cations related with the clay by cations of a particular aqueous 
solution is determined by:
• The nature of the clay mineral.
• The nature of the cation, e.g., hydration energy, size, valency.
• The concentration of the electrolyte and pH of the exchange solution.
• The population of exchange sites on the clay.
Solutions of small size/high valency metal cations are very effective at displacing the 
interlayer exchangeable cations of a clay 42,43 Similarly the ease of replacement of interlayer
cations follows the reverse order. Thus, the following is given:44
<
M+ «  M2+ < H30 + « K+ » NHt+ < M3+ < M4+
Increasing Exchanging Power 
(Decreasing Ease of Exchange)
Figure 6. The exchange properties of cations with clays.43
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2.3.1 Determination of the CEC
The cation exchange capacity of clays is determined experimentally by different analytical 
methods, most of which are based on the principle of replacement of the original resident 
exchange ions in an aqueous clay suspension. Among the most well known methods are the 
ammonium ion exchange and the methylene blue tests 45,46 Other methods include the use of 
mechanical extraction47 and the adsorption of the coloured Co(H20)62+ ion.48 More recently, 
a faster method for the determination of CEC has been reported, which involves the use of a 
Cu-ethylendiamine complex.49
The CEC represents the isomorphous substitutions in the clay layers if all compensating 
cations are accessible for exchange. If the CEC and in particular the chemical composition of 
the clay are known, then it is possible to attribute the substituting ions to the tetrahedral and 
octahedral sheets, taking the following assumptions into consideration:
1. The unit cell contains 20 oxygens and 4 hydroxyl groups.
2. All the Si atoms are assigned to the tetrahedral sheet.
3. A1 atoms occupy the remainder of the tetrahedral positions. Any additional A1 is assigned 
to the octahedral sheet, together with Mg, Fe and other non-exchangeable ions.
2.4 Cation Migration
The thermal treatment of a montmorillonite saturated by cations of small radii (<0.7 A) 
results in a charge reduction and a concomitant fall in the cation exchange capacity. This was 
first shown for lithium50 and then for magnesium and aluminium.51
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It is widely considered that, on heating, Li+ cations migrate from the interlayer space into the 
vacant octahedra,50"54 into the hexagonal holes of the tetrahedral sheet55'57 or into both.58,59 
This Li+ fixation reduces the charge imbalance, due to isomorphous substitutions, and 
decreases the ability of the mineral to adsorb cations.
Many studies have used various temperatures (in the range 200-300 °C), different reaction 
times and clays for the preparation of reduced-charge montmorillonites (RCMs), thus 
rendering direct comparisons rather difficult. Calvet and Prost59 were able to achieve 31-92% 
of total Li+ in a Camp Berteaux montmorillonite heated at 108-220 °C. They stated, using IR, 
that Li+ cations moved from the interlayer space towards the octahedral vacancy, assuming 
that Li+ ions lie near the sites of isomorphous substitution.
More recently, Madejova, et al.,60 and Komadel, et al.,61 prepared a series of RCMs starting 
from a Li-montmorillonite by heating to various temperatures (105-210 °C) for 24 h, and 
studied the effect of acid treatment upon the dissolution of the clays. These authors 
demonstrated that the extent of acid dissolution decreased with increased amounts of Li fixed 
within the montmorillonite structure. Additionally, the Li+ content increased with increasing 
heating temperature. Infrared spectroscopy revealed that Li+ was trapped in the hexagonal 
cavities of the tetrahedral sheet at all temperatures.
The reduced charge montmorillonites perform little catalytic activity as Bronsted acid 
catalysts. However, the replacement of the residual interlamellar Li+ by catalytically active 
cations, such as Al , results in a more active material.
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In this thesis a series of Li+ reduced-charge montmorillonites, derived from a high charge
density clay, were prepared then the residual interlamellar Li+ was exchanged by Al3+. This
study was addressed to compare the catalytic activity towards the isomerisation of a-pinene
of these RCMs with those of aluminium-activated clays.
2.5 The Hydration and Swelling Capacity of Clays
The outstanding characteristic of the members of the smectite group is their capacity to 
absorb water and other polar molecules between the sheets, thus producing a marked 
expansion of the interlayer spacing. The presence of several layers of water molecules causes 
the basal spacing to increase from 10.5 A to values in the order of 12.5-20.0 A, depending on 
the type of clay and exchangeable cation (Figure 7) 63,64
The swelling properties of smectites means that they are often called expanding clays. Only 
smectite clays have this particular property of increasing the interlamellar space; other 2:1 
clay minerals such as mica and vermiculite do not expand as readily due to the excessively 
high layer charge.
The heating process, at a regular temperature rate, affects the weight loss of clays. These 
temperatures depend on the type of clay and the rate and time of heating. According to 
Bradley and Grim,65 below 300 °C, water and other molecules are adsorbed reversibly 
between the clay laminae. Above 500 °C the water of hydration is removed and the laminae 
collapse irreversibly.65,66 After calcination of the clay at 600 °C no water is adsorbed in the 
interlamellar space.
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Increasing
hydration
Increasing
temperature
10.5 A
12.5 A
15.0 A
Figure 7. Swelling state of smectite in the presence of water vapour.
2.6 Acidity of Clays
Clays minerals show both Bronsted and Lewis acidity. Structural and environmental factors 
govern the degree to which each is present and normally one type predominates for a given
set of conditions 67
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Lewis acidity is normally associated with exposed Al3+ and Fe3+ at the broken crystallite 
edges and such acidity can be increased by heating the clay to >300 °C.68 However, this heat 
treatment not only removes the interlayer water and dehydrates the aquated metal cations in 
the interlayer but also leads to the irreversible collapse of the clay layers.69
The most important source of Bronsted acidity derives from the dissociation of water 
molecules in the hydration sphere of the interlayer exchangeable cations (Equation 1).
[M(OH2) J m+ ■ [MCOH^OH]*"’-'*' + IT  (1)
The acidity depends upon the water content of the clay and to a lesser extent upon whether 
the layer exchange arises mainly from substitution in the octahedral or tetrahedral sheet. 
Acidity is maximised when the water content of the clay is low and when highly polarising 
species such as M3+ cations are exchanged for natural Na+ and Ca2+ cations.67,70,71 Clays may 
be effectively dehydrated by heat or vacuum or by displacing the interlayer water with non­
polar organic solvent.
2.6.1 Determination of the Surface Acidity
The first measurement of clay acidity was reported by Walling72 who found that an acid 
treated clay imparted colour to p-nitrobenzene-azo diphenylamine. The acidity was thought 
to be due to the residual acid from the activation treatment. Since this study, a variety of 
methods and techniques have been used to measure the acidity of catalysts and catalyst 
supports, including the use of indicators,71,73 measurement of the quantity of chemisorbed
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ammonia at various temperatures,74’75 the determination of the IR spectrum of chemisorbed 
ammonia,76’77 carbocation formation of arylmethanol78 and adsorption of pyridine by IR.79'81
The applications of these techniques have given conflicting and differing results on the same 
material. Nevertheless none of these methods, except the last one, distinguishes between 
protonic acidity (Bronsted) and aprotonic acidity (Lewis). This is because the IR spectrum of 
adsorbed pyridine on acid solids shows a band at 1548 cm*1 associated with the pyridinium 
ion formed when the molecule reacts with Bronsted acid sites and bands in the region 1440- 
1460 cm'1 attributed to pyridine co-ordinately bound to Lewis acid sites.79
The determination of the number of Bronsted and Lewis acid sites (in arbitrary units) results
by dividing the integrated absorbances in the two regions by the weights of the wafer, and by
the molar extinction coefficients, 1.67 (cm pmof1) for Bronsted and 2.22 for Lewis acid 
82sites.
Unfortunately, the use of all of these methods can be tedious, difficult and time consuming, 
particularly if the requirement is for a rapid evaluation of the acidity of the material 
produced.
It has been shown that the thermogravimetric analysis of the desorption/decomposition of 
bases such as cyclohexylamine, butylamine and pyridine can be used for the rapid semi- 
quantitative determination of the number of acid centres in clays.83'85
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The desorption of pyridine from Bronsted acid sites appears in a prolonged and broad 
maximum at 340 °C, whilst that from Lewis acid sites is rapid and results in a sharp 
maximum in the derivative thermogram.84,85 On the contrary, the desorption of 
cyclohexylamine from Bronsted acid sites results in a sharp and easily distinguished 
maximum near 290 °C in the derivative thermogram, but it does not distinguish Lewis sites 
very well.83,85 This particular behaviour makes cyclohexylamine a suitable molecule to easily 
determine, semi-quantitatively, the total concentration of acid sites on acid catalysts based on 
the percentage weight loss at 290 °C. This region in the derivative curve gives a direct 
measure of the concentration of cyclohexylammonium ions in the clay sample, a value that is 
then interpreted as the concentration of protons in the clay available to interact with 
cyclohexylamine.83,85
2.7 Acid Activation of Clays
More than 50 year ago, Eugene Houndry86 found that acid-modified smectites provide 
gasoline in high yield when used as petroleum-cracking catalysts. These modified clays were 
used extensively as commercial catalysts until the mid-1960’s, when they were replaced by 
more thermally stable and selective zeolite catalysts. However, smectite clays are still used 
today as commercial catalysts.
Acid-treated clays are also commonly used commercially for decolourising oils. The effect of 
acid attack on properties such as surface area and the decolourising ability have been widely 
studied.7,87 Another commercial usage of acid-treated clays is in colour formation with leuco 
dyes in pressure sensitive recording paper.8,88
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The acid treatments increase the surface area (from ca. 40 m2g_1 to ca. 500 m2g-1)89 of clay 
minerals by disaggregation of clay particles, elimination of several mineral impurities, 
removal of metal-exchange cations, and proton exchange, reasons for which they are usually 
known as “acid activation treatments”.90,91 The enhanced surface area depends significantly
Q7on the type of clay used; for example in non-swelling bentonites (Figure 8A-D) it is 
dramatically improved, but the opposite trend is observed in swelling bentonites (Figure 
8E) 92 In general, the surface area passes through a maximum beyond which further acid 
treatment reduces surface area.9,92,93
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Figure 8. Effect of acid treatment on the surface area of various montmorillonites.92
The acid activation process is often quite severe and destroys much of the clay layer structure 
as it removes iron, aluminium and magnesium from the octahedral sheet (Figure 9) 94 The
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exchangeable cations are replaced mainly by Al3+ and H+-cations 95,96 The CEC decreases
with increasing acid treatment (Figure 10).92
Mg2+
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Figure 9. Diagrammatic representation of the effect of acid activation.94
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Figure 10. Effect of acid treatment of the CEC of various montmorillonites.92
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Treatment of montmorillonite clays with cold, dilute acids has little effect on the elemental
composition of the host layer and results in an essentially proton-exchanged clay, whereas
activation with hot concentrated acids results in the removal of ions associated with the 
octahedral sheet and may not produce an exclusively proton-exchanged clay.29,97,98 It is now 
generally accepted that clays with a high octahedral Mg or Fe content leach more readily than 
those which have a high octahedral Al population.26'29,87,99'101 Acid activation causes little 
damage to the silicate layer and consequently the structure in the centre of the platelet, at the 
limit of acid attack, remains intact.29,87,95 The rate of dissolution of the octahedral sheet is a 
first order process26,102 which increases not only with increasing concentration of acid,
7  87temperature and contact time, but also with increasing Mg content in the octahedral sheet. ’
Recent results obtained after acid-leaching five clays of differing elemental composition have 
shown that the type of clay used had little influence on the catalytic activity which was
* 29determined mainly by the extent of octahedral sheet depletion and proton content. 
However, it is now imperative that the activation conditions are optimised for a given clay, 
although, it should be emphasised that the acid activation process really works well when 
selected bentonites are used. Other clays such as kaolin, attapulgite, etc., only improve
slightly or not at all when they are treated with acids.
2.8 Ion Exchange Activation
As mentioned before, the intercalated cation in naturally occurring clays is Na+ or Ca2+ and 
occasionally K+. Such clays are very weakly catalytic, if at all. When, however, these ions are 
exchanged by the simple process of immersion in an aqueous solution of the relevant cation
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they become active. This process can be achieved using (i) active metal cations and (ii)
hydroxy-metal polycations, “pillars”.
2.8.1 Metal Cations
The resident exchangeable cations, which are strongly hydrated in the presence of water, are 
replaced by highly polarising species of small radius such as aluminium, chromium or
1 Q 0 1  *24- *24- *24-iron. ’ Consequently, the high catalytic activity of Al - compared to Fe - and Cr - 
exchanged montmorillonites has been attributed to the enhanced polarisation of water 
molecules in the primary co-ordination sphere of the Al3+ cation.20,103,104
There are of course numerous cations other than Al3+, Fe3+ and Cr3+ that are also comparable 
in ionic radius, which also possess a polarising power. Examples of these are Mg2+, Cu2+, 
Ni2+, Co2+ and Zn2+.105'107 The order of activity of ion-exchange clays with these cations was 
Cu2+ > Zn2+ > Ni2+ > Co2+ « Mg2+, for both Bronsted and Lewis acid catalysed reactions.108
These ion activated clays have been shown to be efficient catalysts for a variety of organic 
reactions, which include formation of di-alkylethers from alcohols,19 protonation of 
amines,107 transformation of alkenes,109,110 hydration of ethylene,104 and esterification of 
organic acids,111 among others.
It is worth mentioning that the choice of the reaction environment plays an important role in 
the catalysed process of ion-exchanged clays. For example, Al3+-, Cu2+-, Co2+-, Ni2+- and 
La3+-exchanged Tonsil showed, in general, lower activity for the Diels-Alder reaction 
between cyclopentadiene and methyl vinyl ketone (24±4% conversion) than that of Cr3+- and
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Fe3+-exchanged Tonsil (92±1% conversion).112 Certainly, the acidity of Al3+-exchanged clay
Q  I A  i -j | Q  ___is similar to that of Cr -exchanged clay and higher than that of M -exchanged clays. This 
observation led Adams, et al.,112 to postulate that d  orbitals of the exchanged transition metal 
cations are responsible, in this particular reaction, for the catalytic activity of the ion- 
exchanged clay minerals where the role of Bronsted acid sites was discarded.
2.8.2 Pillared Clays
When clays are compared as catalysts to the more rigid cage-like zeolites, they are found to 
be comparable at lower temperatures but, due to a tendency to dehydrate and undergo layer 
collapse, clays are usually inferior at higher temperatures {ca. >150 °C). One way to 
overcome this disadvantage is to incorporate large inorganic cations. Such a process is 
known as pillaring and, in addition to the great improvements in available surface area and 
structural integrity, which is often obtained, these materials have the added advantage that the 
pillars themselves may be catalytically active.114'116
Pillared clays (PILCs) are prepared by exchanging polycations into the interlayer region of 
expandable clay minerals (usually montmorillonite and saponite) which, following 
calcination, are transformed to metal oxide pillars fixed to the layers of the clay to yield a 
rigid cross-linked material.117'119 A variety of inorganic oxides, AI2O3,120 Z1O 2 ,121 Ti02,122 
Cr2C>3,123 Ga2(>3,124 and mixed-metal oxides Al2 0 3 -Ga2 0 3 , 125 and Al2 0 3 -Si0 2 126’127 have been 
successfully pillared in smectites to generate high surface area catalysts.
The catalytic properties of pillared clays are the result of the propping apart of the clay 
structure, which have an increased surface area (from ca. 50 to ca. 350 m2g'1) and pore
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volume (from ca. 0.08 to 0.2-0.3 cm3 g'1). This exposes much of the interlayer region and any 
acid sites available to reactant molecules. The pillared structures are found to be stable up to 
500-700 °c,120,127-129
In contrast, the potential uses of PILCs demonstrate that the variation of the pillaring 
procedure can affect the properties of the resulting material.130,131 One approach to varying 
the nature of the matrix is by acid activation, which further improves the surface area (up to 
400 m2 g'1) and gives higher acidity values. Such acid-modified materials can be 
subsequently pillared and the resulting pillared acid-activated clays (PAACs) possess
  OO 10O 100enhanced chemical and physical properties compared to those of conventional PILCs. ’ ’ 
The truth of this assertion has been confirmed by an enhanced catalytic activity of PAACs, 
which showed to be better catalysts that those derived from acid-treated clays or PILCs, 
towards the dehydration of butan-l-ol and pentan-l-ol, alkylation of benzene by dodec-l-ene 
and conversion of cumene,22,133,134 as well as improved adsorption of chlorophyll from edible 
oils.135
2.9 Clay-Organic Cation Interactions
The exchange cations can also be replaced with different organic cations by a simple ion 
exchange. A variety of organic cations may be used in this regard to form organoclays that, 
unlike natural clay, are effective adsorbents for removing organic contaminants from 
water.13,15,136-141 One class of organic cations that have been widely used to synthesise 
organoclays are quaternary ammonium cations (QUATs) of the general form:142
[(CH3)3NR]+ or [(CH3)2NRR’]+
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where R and R’ are aromatic or alkyl hydrocarbon species. Substituting such organic cations 
for native metal cations drastically alters the surface properties of the clay, which change 
from hydrophilic to organophilic. This occurs because the heat of hydration of the organic 
cations is very low so that they do not attract water, and because of the substantial amount of 
organic carbon associated with the clay surface and interlayers. Additionally, the intercalated 
organic cations act as pillars to prop open the aluminosilicate sheets resulting in greater 
interlayer spacing that do not change substantially in the presence of water.
2.9.1 Nature of the Organocation
The interaction of quaternary alkylammonium cations (QACs) with clays is affected by the 
size and structure of the R group, the clay type, solution conditions and the nature of the 
exchange cation. In general, the interactions between clays and QACs are strong.
The synthesis or organoclays using short-chain QACs is relatively straightforward. This is 
because short-chain length organocations have high solubilities in water and are sorbed on 
the clay exclusively by cation exchange. For QACs with large hydrophobic moieties [e.g., 
hexadecyltrimethylammonium, (HDTMA+)], there are two complicating factors (i) they have 
a very low solubility in water so that solvents such as methanol may be needed to dissolve 
the organic modifiers and (ii) both a cation exchange and non-exchange mechanism may 
contribute to the overall adsorption of such organocations by clays. The non-exchange 
adsorption of QACs is due to non-electrostatic interactions between the alkyl moieties (tails) 
of QACs that have bound to the clay surface by cation exchange and the alkyl tails of QACs 
that have not undergone ion exchange.
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Depending on the size of the organic cations and the layer charge of the mineral, the alkyl 
chain of organic cations may form flat lying monolayer, bilayer, pseudotrimolecular layer, or 
paraffin complexes.138,143,144 These types of interlayer alkylammonium complexes are 
illustrated in Figure 11. From the figure it is clear that both sides of the organocation in a 
monolayer arrangement contact the basal surface, only one side of the QACs in the bilayers 
contacts the surface directly and no direct contact between basal surface and the alkyl chain 
occurs in a paraffin configuration.143,144
Figure 11. Alkylammonium expansion of expansible clay minerals.138
Cowan and White145 studied the adsorption of straight-chain monoalkylammonium salts by 
Na-Bentonites. A linear relationship between the change in the free energy and the number of
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carbon atoms in the aliphatic chain was found. The increment in the free energy was ascribed 
to van der Waals interactions. Consequently, a mechanism of the exchange process was 
proposed, in which the length of the hydrocarbon chain was considered to play the most 
important role.
Similarly, Theng, et a l ,146 reported the replacement of the resident cations (Na+, Ca2+) on 
montmorillonite by different alkylammonium cations. They found that the affinity of the 
mineral for the organic molecules was linearly correlated to molecular weight with the 
exception of the smaller methylammonium and the larger quaternary ammonium ions such as 
tetra-n-propylammonium and tetra-n-butylammonium. Therefore, the greater the length of 
the alkylammonium chain, the greater is the contribution of physical, non-coulombic forces 
to adsorption. Within a group of primary, secondary and tertiary amines, the affinity of the 
alkylammonium ions for the clay decreases in the series > R2NH2+ > RNH3+. Similar
conclusions were reached by Vansant and Peeters.147 The differences were explained in terms 
of the size and shape of the ions. In a study by Theng, et al.,146 Na+ was more easily 
exchanged by the organic cations than was the Ca2+.
TMA+ and TMPA+ are small organic cations that form monolayers in the interlayer of both 
high- and low-charge smectites (Figure 12).138 The interionic distance between nearest 
neighbour pairs of exchanged TMPA+ should be greater in the low-charge TMPA-smectite, 
leaving more of the interlayer clay surface available for adsorption. Perhaps, more important 
than the absolute amount of mineral surface area available is the size of the adsorptive 
regions between the exchanged TMPA+ ions, which would be greater in the low-charge clay 
allowing it to more effectively accommodate aromatic hydrocarbon adsorbates.142 The charge
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density of the clay mineral also affects the orientation or the adsorbed organic cation through 
steric effects.148,149
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Figure 12. Trimethylphenylammonium cations in smectite layer. SWa (nontronite, 
Washington-USA) and SAz (montmorillonite, Arizona-USA) are high charge smectites 
whilst SAC (montmorillonite, American Colloid Co.) is a low charge smectite.143,144
Quaternary alkylammonium ions are preferentially adsorbed on to the cation-exchanges sites 
of montmorillonites. Thus solvents do not significantly displace the organocation from the 
clay, and the structure is stable in the presence of high concentrations of metal cations.150 In 
this regard, Mortland and Barake151 reported that the order or effectiveness in replacing 
ethylammonium ion was Al3+ > Ca2+ > Li+.
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2.9.2 Organo-Clay Complexes
Organic chemicals in surface and ground-water supplies have become a major environmental 
problem. Adsorption by activated carbon is widely used to remove these pollutants from 
drinking water. Although clays have been recognised as sorbents of such organic compounds, 
few studies have been conducted to determine whether certain clays could serve as practical 
sorbents in the treatment of water and waste-water.
The literature dealing with interactions between alkylammonium montmorillonites and 
organic compounds suggests that modified montmorillonites may be potentially effective 
adsorbents to improve water quality. Interaction mechanisms of clay-organic complexes 
include ion exchange, protonation co-ordination/ion dipole, hydrogen bonding and van der 
Waals forces.
2.9.2.1 Ion Exchange
Organic complexes will be intercalated in the clay mineral structure by ion exchange with 
cations neutralising the negative electrical charge responsible for the CEC of the mineral. 
The organic molecules are positively charged because of the protonation of an amine group 
as in the case of alkyl amines.
In addition to the adsorption of organic compounds by ion exchange, many amines can be 
protonated at the clay surface.84"86 The source of protons for this reaction are (i) exchangeable 
H+ occupying exchange sites, (ii) water associated with the metal cations at exchange sites or 
(iii) proton transfer from another cationic species already at the clay surface.
Chapter 2. Properties of Clay Minerals 35
A. J. Moronta, Preparation, Characterisation and Catalytic Activity o f Acid-Activated OrganoClays
2.9.2.2 Ion-Dipole and Co-ordination
Many polar molecules can be adsorbed on clay minerals. Depending on the nature of the 
saturating cation, it serves as an adsorption site by ion-dipole or as a co-ordination type' of 
interaction.152,153 The greater the affinity that the exchangeable cations have for electrons, the 
greater will be the energy of interaction with polar groups of organic molecules capable of 
donating electrons. Hence, transition metal cations on the exchange complex having unfilled 
d  orbitals will interact strongly with electron supplying groups.154 In the case of molecules 
such as water and ammonia, the solvation of the exchangeable cation on the clay surface is 
the most energetic and therefore the primary mechanism of adsorption.155,156
2.9.2.3 Hydrogen Bonding
This is an extremely important bonding process in many clay-organic complexes. Whilst it is 
less energetic than coulombic interactions, it becomes very significant particularly in large 
molecules where additive bonds of this type coupled with a large molecular weight may 
produce a relatively stable complex. Three classes of hydrogen bonds are distinguished:
Water Bridge: It involves the linking of a polar organic molecule {e.g., ketone, benzoic acid, 
etc.) to an exchangeable metal cation through a water molecule in the primary hydration 
shell.157
Organic-Organic Hydrogen Bonding: This phenomenon appears when the exchangeable 
cation on the clay is an organic cation, where the possibility of interaction with another 
species of organic compound through hydrogen bonding exists.158
Chapter 2. Properties of Clay Minerals 36
A. J. Moronta, Preparation, Characterisation and Catalytic Activity o f Acid-Activated OrganoClays
Clay Mineral Oxygens and Hydroxyls: It requires the interaction of molecules capable of
hydrogen bonding with oxygens or hydroxyls of the clay mineral surface.
2.9.2.4 Van der Waals Forces
Van der Waals or physical forces are interactions operating between all atoms, ions or 
molecules, but are relatively weak. They result from attractions between oscillating dipoles in 
adjacent molecules. They decrease very rapidly with an increasing distance between the 
interacting species. They are quite significant in clay-organic complexes, particularly for 
organic compounds of high molecular weight. 146,147
2.9.3 Adsorption Behaviour
If a clay mineral has metal cations occupying exchange sites, its surface is hydrophilic 
because of the water molecules in the hydration shell solvating the cations. Such surfaces are 
not good adsorbents for removing hydrophobic, poorly water-soluble organic molecules from 
water.
If certain organic cations are placed on the exchange complex by ion exchange, however, the 
surface becomes hydrophobic and, in turn, organophilic. Organic cations possessing long- 
chain alkyl groups are particularly able to impart the hydrophobic quality to the mineral 
surface. 159 Such organoclay complexes are able to sorb molecules which themselves are 
hydrophobic by what has been called hydrophobic bonding. 13,160 This process is essentially a 
non-polar interaction between the organic phase of the clay organic complex and the 
hydrophobic organic molecule. 149,160
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Numerous reports have been devoted to the study of organoclay complexes since the 1940’s. 
However, only a small amount of data has been assembled regarding the quantitative aspects 
of the adsorption of organic molecules from aqueous solution by clay minerals. A number of 
scientists have shown that amines in the ionic form can penetrate between the layers of clay 
resulting in the production of interlamellar complexes.
Cowan and White161 showed dodecylammonium bentonite, in a series of ethyl- to octadecyl- 
ammonium bentonite, to be the most active adsorbent for mono- and dihydric phenols. 
Slabaugh and Carter162 reported adsorption of 31 milligrams of methanol per gram of 
dodecylammonium montmorillonite. Stul, et or/ . , 141 were able to adsorb 9 to 330 milligrams 
of hexanol and 40 to 530 milligrams of octanol per gram of dodecylammonium 
montmorillonite in studies conducted over a wide range of alcohol concentrations.
Mortland, et al. , 163 showed that phenol and its chlorinated congeners were sorbed by 
hexadecyltrimethylammonium (HDTMA+)-smectite and hexadecylpyridinium (HDPY*)- 
smectite in proportion to the number of chlorine atoms on the phenol structure. Thus phenol 
itself was not adsorbed significantly by these complexes, but trichlorophenol was strongly 
sorbed. In other words, as the hydrophobicity of the molecule is increased, the sorption is 
also increased.
Mortland, et a l , 163 and Boyd, et a l , 14 used quaternary alkylammonium cations exchanged on 
smectites to enhance the uptake of phenol and chlorophenols from water. They showed that 
in general the adsorptive capacity of modified clays exchanged with large quaternary 
alkylammonium ions was greatly increased, compared with that of the unmodified clays.
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Charge density effects were first noted by Lee, et al.,n and Jaynes and Boyd,164 who found
that low charge TMA- and TMPA-montmorillonite generally adsorbed larger quantities of
arenes, from aqueous solution, than did high-charge TMA- or TMPA-montmorillonites. A
similar increase in aqueous-phase arene adsorption with decreasing surface-charge density,
(and hence with an increasing area of uncharged siloxane surface) for a range of TMPA-
montmorillonites led Jaynes and Boyd138 to conclude that arenes adsorb preferentially onto
the free uncharged siloxane surface. They further concluded that adsorbed TMPA+ ions are
not involved directly in aqueous-phase arene adsorption, but prop open the clay layers so that
arenes can penetrate the interlamellar region and adsorb on the uncharged siloxane surface.
The adsorption capacity of arenes by high charge smectite was substantially improved when 
the clay was subjected to Li+ charge reduction prior to exchanging with TMPA+ ions. 142 
Indeed, using this procedure, the surface area was enhanced and the organic carbon content 
in the reduced charge organoclay decreased steadily as the charge reduction process 
decreased. The increase in the adsorptive behaviour was because the reduced charge clays 
contained less TMPA+, which appeared to have little direct interaction with the adsorbates, 
and only function to prop open the clay interlayer.
2.10 Acid-Activated Organoclays (AAOCs)
As stated in section 2.7, the catalytic properties of natural clays can be greatly modified using 
acid treatment, which removes the desired fraction of exchangeable cations and produces 
materials with enhanced surface area, acidity and porosity making them powerful catalysts 
for a wide range of polar reactions. Useful modifications are also obtained by exchanging the 
resident cations by an active metal cation {e.g., Al3+), see section 2.8.
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In this regard, Rhodes and Brown165 have studied the activity of acid-treated and aluminium- 
exchanged acid-treated clays using the formation of tetrahydropyranyl ether from 3,4- 
dihydropyran and methanol and the isomerisation of a-pinene to camphene and limonene as 
test reactions. Comparing the catalytic activities of Al3+-exchanged acid-treated clays with 
the unexchanged acid-treated clays, they found that, there was little difference in the activity 
between the two clays at a treatment time > 2 h for both reactions. However, at short mid 
treatments times (<15 min for the polar and <1 h for the non-polar reaction), the Al3+- 
exchange forms were significantly more active. The catalytic activity in the non-polar 
medium of a-pinene was optimised when the external surface area reached a maximum 
(Figure 13), which occurs with extensive acid leaching (4 h acid treatment, Figure 14). The 
catalyst at this stage has an essentially hydrophobic surface that served to attract the non­
polar molecules. The maximum activity in the polar media (shown by Al3+-exchanged 
montmorillonite) was optimised when the acidity and swelling ability of the catalyst was at a 
maximum because the hydrophilic clay attracts the polar reactants to the surface, where the 
acid centres reside. The main disadvantage of using extensively acid-leached clays is that 
depletion of the octahedral sheet causes a significant reduction in the number of cation- 
exchange sites, which is where the protons reside, 99’166 with the concomitant loss in catalytic 
activity.
As discussed previously in this chapter (section 2.9), the hydrophilic aluminosilicate surface 
of swelling clays can be rendered hydrophobic by displacing the natural occurring inorganic 
cations with organocations, resulting in expanded layers that creates favourable conditions 
for non-polar molecules to access the interlamellar spacing.
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Figure 13. Showing the effect of acid treatment time on the surface area by N2 
adsorption (▼) and the CEC (A) of Texas montmorillonite.165
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Figure 14. Showing the effect of acid treatment time on the isomerisation of a-pinene to 
camphene for acid treated clay (A) and Al3+-exchanged acid-activated clay (T) .165
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Certainly, acid activation and organocation exchange can be combined to provide protons 
and expanded layers, which also produce a balance between the hydrophilic and organophilic 
character on the clay surface and produce effective catalysts that promote reactions in non­
polar media.
Recently, Breen, et al.,25 studied the effect of different acid treatments on the organoclays 
formed from clays of different initial composition and evaluated the resistance of 
organocation to acid leaching. The clays utilised were an aluminium-rich montmorillonite 
(JP), a ferruginous smectite (SWa-1) and an iron-rich beidelite (ST). The organocations used 
were tetramethylammonium (TMA*), dodecyltrimethylammonium (DDTMA*) and 
octadecyltrimethylammonium (ODTMA+). These authors tested the ability of the prepared 
catalysts using the isomerisation of a-pinene to camphene and limonene. In general, the 
catalytic activity of the non-acid-treated organoclays was very low, and followed the order 
TMA+ > DDTMA+ > ODTMA+. Similarly, mild acid treatment alone (0.1 M HC1 for 1 h at 
25 °C) did not to produce a large amount of camphene and limonene, but severe acid 
treatment (1 M HC1 for 1 h at 95 °C) did enhance it. Moreover, mild acid treatment on the 
organoclays resulted in a fourfold increase in the product yield. Additionally, the conversion 
was further increased as the severity of acid treatment increased. Similarly, a relative 
increased yield was only observed in organoclays containing the smallest amounts of 
DDTMA+ and ODTMA+ (0.25 CEC) and treated with mild acid conditions, the former being 
more active that the latter. The activity of organoclays prepared with small amounts 
DDMTA+ and ODTMA+ was particularly more appreciable when acid treatment became 
more severe. In general trend, DDMTA+ and ODTMA+ cations were more resistant than 
TMA+ to displacement by H*.
Chapter 2. Properties of Clay Minerals 42
A. J. Moronta, Preparation, Characterisation and Catalytic Activity o f Acid-Activated OrganoClays
In particular TMA+-exchanged clays, treated at room temperature with only 0.1 M HC1,
proved to be effective catalysts for the conversion of a-pinene to camphene and limonene.
Total conversions of 60 to 90% were obtained making them effective competitors for zeolites
and pillared clays for this isomerisation. 167 The enhanced activity was attributed to the spatial
separation of the TMA+ ions in the interlamellar spacing, which probably controlled the
effective size of the catalytic site. 11 The order of activity for the clays studied was ST = SWa-
1 >JP.
This study indicated that (i) acid-activated organoclays (AAOCs) were more effective when 
the galleries were not congested with large organocations, hence AAOCs derived from 
TMA+-exchanged clays were found to be the most effective, (ii) the activity was influenced 
by the nature of the starting clay and (iii) that preadsorbed-TMA+ cations appeared 
unexpectedly less resistant to subsequent displacement by protons.
In a similar work, Breen and Watson24 study the influence of acid treatment on organoclays 
prepared using a polycation (Magnafol 206) in samples derived from a Na-montmorillonite 
(SWy-2) and a Ca-montmorillonite (SAz-1). The clays were first exchanged with the 
polycation to satisfy 0.25, 1 and 1.5 times the CEC of both clays and then acid activated 
using 6  M HC1 at 95 °C for 30, 90 and 180 min. Acid-activated samples, absent of the 
polycation, were also prepared either at 25 °C or at 95 °C. They found that hot acid treatment 
increased the total conversion of a-pinene for both SWy-2 (77%) and SAz-1 (65%) more 
than cold mild acid treatment (43% for SWy-2 and 15% for SAz-1). The highest yields were 
achieved using a mild acid activation treatment (90 min) in clays with the lowest polycation 
content (0.25 CEC), total conversions of 90% and 83% for SWy-2 and SAz-1 , respectively
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(Figure 15). At more prolonged treatment time (180 min) the total conversion was 
catastrophically decreased (especially for SAz-1) because the samples presented a much- 
reduced polycation loading. Catalysts prepared with intermediate and high polycation 
loadings were, in general, less effective for the reaction process.
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Figure 15. Total conversion of a-pinene over acid-activated clays and acid-activated 
polycationclays derived from (a) SAz-1 and (b) SWy-2. Samples were treated at 25 °C 
(low temperature, L) or at 95 °C (high temperature, H) for 30, 90 and 180 min.24
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The presence of polycation had a more marked influence on the activity of samples derived 
from SAz-1 increasing the yield from 25% for acid-activated SAz-1, in the absence of 
polycation, to 50% camphene for acid-activated polycation exchanged SAz-1, whilst the 
increase in percentage of camphene formed for SWy-2 was only from 42 to 52%. Breen and 
Watson24 concluded that the enhancement in yield for SAz-1 was due to the increased 
hydrophobicity of the polycation loaded clay, whereas the comparable yield for SWy-2 in the 
absence and presence of polycation may suggest that this clay disperses well in the non-polar 
a-pinene. Again, the conversions were comparable to those of zeolites and pillared clays for 
this isomerisation. 167
Breen’s studies24,25 have demonstrated that the amount of either organocation or poly cation 
plays a key role as well as the severity of acid treatment and the type of clay utilised. Indeed, 
there is a competitive mechanism between protons and organocations for the clay surface 
(external and internal) that governs the hydrophobic/hydrophilic character and consequently 
the catalytic activity. However, in both studies Breen’s group has firstly fixed the amount of 
organocations or polycation and then displaced (partially or completely) it from the clay 
surface using acid treatment, without taking into consideration the preference of the clays for 
organocations and protons when both are present in aqueous solution.
Therefore, the central aim of this thesis has been designed to further elucidate the factors that 
influence the activity (based on the isomerisation of a-pinene) of AAOCs. These factors 
include the effect of the acid concentration on the organocations’ [tetramethylammonium 
(TMA*) or trimethylphenylammonium (TMPA*)] loading when both protons and 
organocation are in aqueous solution, the charge density and locus of isomorphous
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substitution of different source clays. Additionally, the competition behaviour between 
aluminium and organocations is investigated. Under these circumstances the resulting 
aluminium-activated organoclays (AlAOCs) will not have a depleting octahedral sheet and a 
more direct comparison will be possible.
Another route considered in this thesis is the preparation of AlAOCs using divalent 
organocations such as l,4-diazabicyclo[2.2.2]octane (DABCO) and 1,5-diaminopentane 
(DAP). The catalytic activity of these two series of A1AOC samples will be compared with 
those of Al3+/TMA+-clays to corroborate the findings of Shabtai, et al.,m  who reported that 
montmorillonites exchanged with DABCO possessed a higher catalytic activity for the 
esterification of carboxylic acids compared to ordinary alkylammonium- or a,co- 
alkylenediammonium-exchanged montmorillonites. The internal surface of the modified 
clays were found to be available for the adsorption of nitrogen, ethane and 2,4- 
dimethylpentane. 168
2.11 Isomerisation of a-Pinene
a-Pinene is known to react readily in the presence of acids, the reaction involving either ring 
expansion to derivatives of bomane or fenchane or ring opening to derivatives of p- 
menthane. The main products under acid conditions are camphene and limonene with a very 
low percentage of other isomers (Figure 16).169*171
De Stefanis, et a l , 167 have studied the reaction of terpenes over severely dehydrated zeolites 
and pillared clays at 100 °C for 5 h. They found that the main reaction products were: a- 
pinene > limonene > a-terpinene, in all the catalysts tested.
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a-Pinenei
Limonene Isoterpinolene
CH.
CH
c h 3Camphene
Bomylene a-Fenchene
a-Terpinene y-Terpinene
Figure 16. Isomerisation products of a-pinene.
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In this thesis, the a-pinene reaction has been carried out on acid-activated clays (AACs),
acid-activated organoclays (AAOCs), aluminium-activated clays (AlACs), aluminium- 
activated organoclays (AlAOCs) and ion-exchanged clays (EECs) to evaluate and compare 
the catalytic activity of these novel materials. The selective conversion of a-pinene to 
camphene indicates a hydrophobic reaction environment, which is why it was selected for 
this work. The conversion of a-pinene to camphene has industrial significance because 
camphene is an intermediate in the synthesis of camphor, which has value due to its aroma 
and pharmaceutical properties. 172,173
Acid titanium oxide is usually employed in the transformation of a-pinene to 
camphene, 171,173 although recent studies have considered the use of zeolites, 167,174 pillared 
interlayer clays (PILCs) , 167 Pt-A^Ch catalysts175 and AAOCs.25
In this thesis, the conversion of a-pinene to camphene, via ring expansion, and limonene, via 
ring opening176 is reported. Particularly interest was taken to produce cost-effective, 
hydrophobic catalysts of relatively high acidity using simple exchange procedures. 
Moreover, the ability of organoclays to swell in non-polar solvents should provide the 
opportunity to access a considerable portion of the interlamellar region.
2.12 Reaction of Alkenes Catalysed by Clays
M3+-exchanged montmorillonites can catalyse the addition of alkenes to give products of
isomerisation, oligomerisation, condensation, etherification and hydration. These reactions
^  |work best if the acidity of the clay is increased by equilibrium at low relative humidity. M - 
exchange montmorillonites show some reactivity whilst M^-exchange clays are essentially
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unreactive,177,178 therefore confirming that the Bronsted acidity of the clay is mainly due to
dissociation of water molecules in the hydration sphere of exchangeable interlayer cations.67
17 7  1 7CAdams, et al., ' found that when refluxing hex-l-ene, hept-l-ene or oct-1-ene in a range 
of cation-exchanged montmorillonites, the alkenes are converted to the corresponding bis- 
sec-alkylether in the temperature range 44 to 72 °C. However, with an increase in 
temperature (1 0 0 - 1 2 0  °C) the reaction gave a much more complex mixture, consisting of over 
40 products. Similar observations were also reported by Thomas. 179
The reaction mechanism is represented in Figure 17, in which the role of M2,3+- 
montmorillonite is to supply the proton and the water molecule. The mechanism of this 
reaction involves the Markovnikoff addition of water to the most stable secondary 
carbocation intermediate to give a molecule of the alkan-2 -ol, which then reacts with another 
molecule of the secondary carbocation to produce the di-(alk-2-yl) ether.3 Hydration of the 
olefin to the corresponding formation of alcohol is also possible.20
Reactions between methanol and some alkenes using M3+-exchanged montmorillonites 
produce the petroleum anti-knock additive, methyl t-butyl ether in high yield with minor 
amounts of t-butanol. 180,181
The nature of the adsorbed species derived from unsaturated hydrocarbons, adsorbed from 
the gas phase on clays or zeolites at room temperature is unclear so far and still remains a 
subject for discussion. It is natural to suggest that the reaction of a small olefin in the
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presence of acidic catalyst should give rise to the olefin also, but with a long hydrocarbon
skeleton.
R-CH =CH 0—r +  H2 in te rlam e lla r * R- 6 h -c h .
*) ' AH H
► R-CH-CH.
R-CH=CH9^ 4 r — ir*  R-CH-CH 2 in te rlam e lla r
H H
R-CH-CH
R-CH-CH,
0
R-CH-CH.
R-CH -CH 3
| h
R-CH-CH,
Figure 17. Reaction mechanism for the etherification of alkenes.3
Vogel, et a / . , 182 studied the adsorption/reaction of iso-butene on pure and metal-substituted 
synthetic mica-montmorillonite (SMM) using TG analysis. The adsorption reaction was 
carried out isothermally at 30 °C for 1 h and then the sample heated at 3 °C min1 to 500 °C. 
They noted that the conversion of the olefin over Ni-SMM was too low to analyse the gases 
evolved during the heating process. However, experiments in a micro reactor showed that at 
60-70 °C the primary liquid product of iso-butene oligomerisations was a Cn oligomer (6 6 %) 
as well as ethane, propene, propane, isomers of butene and butane, hexene and hexane in the 
gas phase. They concluded that' the incorporation of Ni2+, Co2+ and Zn2+ into the SMM 
increased the catalytic activity whilst the presence of water in the olefinic feed reduced it.
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Choren, et a / . , 183,184 have reported the adsorption of propylene, but-l-ene and cis-but-2-ene 
over clays, alumina and a porous and nonporous silica at room temperature. They stated that 
the alumina and silica adsorb olefins and paraffins reversibly and are unable to condense 
olefins. Similar observations were found for paraffins adsorbed on clays, yet olefins were 
strongly bonded to the clay surface and were not desorbed under vacuum conditions. Infrared 
spectroscopy showed that the condensation products had a paraffinic oligomeric spectrum, 
because of the absence of the characteristic signal from olefinic >C=C< moiety in IR spectra. 
However, the disappearance of the double bond could give rise to the formation of an 
alcohol. The lack of the signals from olefinic double bonds in adsorbed oligomers was 
explained in terms of the presence of carbenium ions being formed on the clay surface as a 
consequence of the polarised water. Nevertheless, this group was not able to identify the 
products formed over the catalysts utilised.
Another interesting example of this problem appears during the adsorption of ethylene on 
zeolites at room temperature. Stepanov, et a / . , 185 have recently shown that ethylene oligomers 
strongly retained by the zeolite framework give a mixture of more than 50 hydrocarbons, 
with a carbon chain length range from C5 to C14 and even higher carbon atoms in a molecule. 
They concluded that the oligomeric species existed in three interconverting states (i) long 
chain alkoxide, (ii) carbenium ion and (iii) olefin, with the alkoxy species being the main 
adsorbed form. Again, their attempts to analyse the composition of the mixture by GC-MS of 
the extracted hydrocarbon were not successful.
In this thesis, thermogravimetric analysis is combined with Fourier Transform Infrared 
Spectroscopy (Real Time TG-FTIR) and with a gas trap module connected to a gas
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chromatography-mass spectrometer (TG-OTM-GC-MS) to obtain additional information of 
the products desorbed during the adsorption/desorption of hept-l-ene over AlACs and 
AlAOCs at room temperature. Supplementary, studies involve the adsorption of heptan-l-ol 
and heptan-2 -ol to further evaluate the alkene or ether produced from the 
intramolecular/intermolecular dehydration of these alcohols (Figure 18).19,186'188
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Figure 18. Reaction mechanism for the dehydration of alcohols.19
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3.0 Introduction
This chapter is divided into two parts. The first part provides the details of sample 
preparation, e.g., acid-activated clays (AACs) and acid-activated organoclays (AAOCs), 
aluminium-activated clays (AlACs) and aluminium-activated organoclays (AlAOCs), ion- 
exchanged clays (IEC) together with charge reduction and thermal activation. The second 
part gives the description of the analytical techniques utilised to characterise the catalysts 
prepared, e.g., Inductively Coupled Plasma (ICP) Spectrometry, X-ray Diffraction (XRD), 
Thermogravimetric (TG) Analysis, Elemental Analysis and TG combined with Fourier 
Transform Infrared Spectroscopy (Real Time TG-FTIR), Mass Spectrometry (Real Time TG- 
MS) and Organic Trap Module-Gas Chromatography-Mass Spectrometry (TG-OTM-GC- 
MS).
Part 1 -  Catalyst Preparation 
3.1 Clay Minerals Investigated
Three montmorillonites and one saponite were used in this study. All clays were obtained 
from The Clay Mineral Repository of the Clay Mineral Society and used without further 
purification. The general descriptions are given in Table 3 and the elemental composition is 
listed in Table 4.
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Sample Mineralogy Source
STx-1 Ca-montmoril Ionite Texas-USA
SWy-2 Na-montmorillonite Wyoming-USA
SAz-1 Ca-montmorillonite Arizona-USA
Sap-Ca Saponite Ballarat, Califomia-USA
Table 3. General descriptions of the clay mineral used in this study.
Si02 A120 3 MgO Fe203 Ti02 CaO Na20 k 2o Total
STx-1 76.65 16.80 3.56 0.78 0.05 1.76 0.38 0 . 0 2 0 1 0 0
SWy-2 68.04 20.60 2.77 4.63 0.09 1.76 1.70 0.41 1 0 0
SAz-1 67.72 19.74 7.24 1.59 0.27 3.16 0.07 0 . 2 1 1 0 0
Sap-Ca 61.40 5.29 28.21 1.36 0 . 6 6 1.50 1.37 0 . 2 2 1 0 0
Table 4. Clays’ chemical composition
As can be seen from Table 4, the four source clays present different elemental chemical 
composition, charge density, and locus of isomorphous substitution. Hence, these clays are 
classified as: Ca-Montmorillonite (STx-1 dioctahedral, bentonite of low iron content); Na- 
Montmorillonite (SWy-2, dioctahedral, aluminium rich bentonite); Ca-Montmorillonite 
(SAz-1 , dioctahedral, magnesium rich bentonite); and Ca-Saponite (Sap-Ca, trioctahedral, 
magnesium rich saponite). The cation-exchange capacity (CEC) of STx-1, SWy-2, SAz-1 
and Sap-Ca are: 0.80, 0.87, 1.20 and 0.92 mequiv (gclay)'1. SAz-1 has a higher charge 
density than STx-1 and SWy-2 even though isomorphous substitution occurs mainly in the 
octahedral sheet of all three. On the contrary, isomorphous substitution in Sap-Ca occurs in 
the tetrahedral sheet. Moreover, because of its high octahedral magnesium content, Sap-Ca 
will be extensively leached under the mild acid-activation conditions to be used in this work 
and will thus provide an interesting comparison with the activity of mildly acid-activated 
clays, which will lose little of their octahedral population.
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3.2 Sample Preparation
3.2.1 Acid-Activated OrganoClays (AAOCs)
1 g of STx-1, SWy-2, SAz- 1  or Sap-Ca HVTMA+-clays were prepared by adding the raw 
clay to a solution containing sufficient 1 M tetramethylammonium chloride, TMAC1 
(Aldrich, 97%) to satisfy 1 CEC and selected volumes of 12 M hydrochloric acid (Fisons, 
38%) to prepare solutions with an aqueous H* content from 1.2 to 120 mmol (from 1.2 to 120 
times the CEC). This approach was used to evaluate the effect of different acid 
concentrations on the organoclays formed using a fixed initial concentration of TMA+ and to 
indirectly survey the competitive sorption behaviour between TMA+ and fF . EF-clays were 
made in exactly the same way except that the TMAC1 was excluded. Other pre-treatments are 
indicated herein.
The mixture was maintained at 25 °C for 18 h, centrifuged at 17,000 rpm for 2 0  min and the 
centrifugate washed with 30 cm3 of de-ionised water. Additionally, a set of samples was 
subjected to successive centrifuge-washing treatment with water, and the carbon content 
determined. Clay samples were dried at 1 2 0  °C overnight, and ground <0 . 2  mm prior to 
storage. The supernatant from each treatment was analysed by ICP to quantitatively 
determine the amount of metal cations released from the clay structures. The nomenclature 
used to identify the AACs or AAOCs is given in Table 5. For example, the highlighted SCa- 
TMA/96H sample in Table 5 indicates that Sap-Ca was treated with 1 CEC TMA+ and 96 
mmol HC1 (gclay)*1.
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HC1
mmol
TMA
CEC
SWy-2 STx-1 SAz-1 Sap-Ca
0 0 SW-Nat ST-Nat SA-Nat SCa-Nat
0 1 SW-TMA ST-TMA SA-TMA SCa-TMA
1 2 1 SW-TMA/12H ST-TMA/12H SA-TMA/12H SCa-TMA/12H
24 1 SW-TMA/24H ST-TMA/24H SA-TMA/24H SCa-TMA/24H
48 1 SW-TMA/48H ST-TMA/48H SA-TMA/48H SCa-TMA/48H
72 1 SW-TMA/72H ST-TMA/72H SA-TMA/72H SCa-TMA/72H
96 1 SW-TMA/96H ST-TMA/96H SA-TMA/96H SCa-TMA/96H
1 2 0 1 SW-TMA/120H ST-TMA/120H SA-TMA/120H SCa-TMA/120H
1 2 0 SW-12H ST-12H SA-12H SCa-12H
24 0 SW-24H ST-24H SA-24H SCa-24H
48 0 SW-48H ST-48H SA-48H SCa-48H
72 0 SW-72H ST-72H SA-72H SCa-72H
96 0 SW-96H ST-96H SA-96H SCa-96H
1 2 0 0 SW-120H ST-120H SA-120H SCa-120H
Table 5. Sample identification for clays derived from the H* and H*/TMA.
Additionally, samples derived from SWy-2 were acid-activated using 
trimethylphenylammonium (TMPA+), in exactly the same way as SW-TMA/H to compare 
the competition behaviour of both TMA+ and TMPA+ cations against protons. In this series 
of samples, the same nomenclature was utilised.
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3.2.2 Aluminium-Activated OrganoClays (ALAOCs)
AlAOCs were prepared by adding lg of the same clays (as mentioned in section 3.2.1) to a 
solution containing 29 cm3 of de-ionised water and selected volumes of 1 M TMAC1 solution 
and 0.1 M Al3+ (AICI3 .6 H2O, Aldrich, 99%) in different ratios to prepare samples in which 
the A13+/TMA+ ratio was systematically varied without exceeding the CEC of the chosen 
clays. Al3+-activated clays (AlACs) were made in exactly the same way except that the 
TMAC1 was excluded. The mixtures were vigorously stirred overnight at room temperature 
and then centrifuged. The centrifugates were washed and centrifuged repeatedly with de­
ionised water to remove excess exchanging salt. Clay samples were dried at 1 2 0  °C 
overnight, and ground <0.2 mm prior to storage. The designation for Al3+ or A13+/TMA+ 
samples is given in Table 6 .
Complementary A1AOC samples (from SWy-2) were prepared in the same manner as SW- 
Al/TMA, using l,4-diazabicyclo[2.2.2]octane (DABCO, Aldrich, 98%) or 1,5- 
diaminopentane dihydrochloride (DAP, Aldrich, 99%). The diprotonated forms of DABCO 
and DAP were obtained by mixing each organocation with concentrated HC1 to give a final 
solution of 1M DABCO in 2M HC1 or 1M DAP in 2M HC1. In this case, the amount of 
aluminium offered was: 25, 50 and 75%, satisfying the remaining percentage of the CEC 
with DABCOH22+, DAPH22+ or TMA+. The sample identification for this treatment is similar 
to that given in Table 6 . Thus, SW-A125/DABC075 means that SWy-2 was treated with 25% 
of its CEC with Al3+ and 75% DABCO. This procedure was used to determine the effect of 
the shape and charge of the organocation on the isomerisation of a-pinene, comparing the 
catalytic activity data of SW-A1/DABCO and SW-A1/DAP catalysts with their SW-A1/TMA 
counterparts.
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A1 % TMA % SWy- 2 STx-1 SAz-1 Sap-Ca
1 0 0 SW-A110 ST-A110 S A-A110 SCa-AllO
2 0 0 SW-A120 ST-A120 SA-A120 SCa-A120
30 0 SW-A130 ST-A130 SA-A130 SCa-A130
40 0 SW-A140 ST-A140 SA-A140 SCa-A140
50 0 SW-A150 ST-A150 SA-A150 SCa-A150
60 0 SW-A160 ST-A160 SA-A160 SCa-A160
70 0 SW-A170 ST-A170 SA-A170 SCa-A170
80 0 SW-A180 ST-A180 SA-A180 SCa-A180
90 0 SW-A190 ST-A190 SA-A190 SCa-A190
1 0 0 0 SW-AU00 ST-A1100 SA-A1100 SCa-AllOO
1 0 90 SW-A110/TMA90 ST-A110/TMA90 SA-A110/TMA90 SCa-Al 10/TMA90
2 0 80 SW-A120/TMA80 ST-A120/TMA80 SA-A120/TMA80 SCa-A120/TMA80
30 70 SW-A130/TMA70 ST-A130/TMA70 SA-A130/TMA70 SCa-A130/TMA70
40 60 SW-A140/TMA60 ST -A140/TMA60 SA-A140/TMA60 SCa-A140/TMA60
50 50 SW-A150/TMA50 ST-A15 0/TMA5 0 S A-A15 0/TMA5 0 SCa-A150/TMA50
60 40 SW-A160/TMA40 ST-A160/TMA40 SA-A160/TMA40 SCa-A160/TMA40
70 30 SW-A170/TMA30 ST-A170/TMA30 S A-A170/TMA3 0 SCa-A170/TMA30
80 2 0 SW-A180/TMA20 ST-A18 0/TMA20 SA-A180/TMA20 SCa-A18 0/TMA20
90 1 0 S W-A190/TMA10 ST-A190/TMA10 S A-A190/TMA10 SCa-A190/TMAl 0
Table 6. Sample identification for clays derived from AI3+ and A13+/TMA+ treatment.
The highlighted sample means that STx-1 was exchanged with 30% CEC of Al3+ and 70% of 
TMA+.
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3.2.3 Reduced Charge Montmorillonite (RCM)
SAz-1 clay has a significantly higher CEC (120 mequiv/lOOg) than the other two 
montmorillonites (STx-1, 80 mequiv/lOOg and SWy-2, 87 mequiv/lOOg). Hence, in order to 
compare SAz-1 clay with the other two it was Li+-saturated as follows:
The Na-form of SAz-1 was first prepared and then reduced by 30%, 50% and 70% of its 
original charge density (-1.14),189 using appropriate volumes of 0.1 M LiCl solution, 
compensating the remaining percentage of the CEC with a 0.1 M NaCl solution. Samples 
were stirred overnight at room temperature and then, subsequently separated and the excess 
salt was removed by washing with de-ionised water until a low conductivity was detected. 
The Li/Na-exchanged samples were allowed to dry slowly at room temperature and then 
heated at 250 °C for 15 h. After cooling, the resulting clays were ground and stored in sealed 
sample vials. The series of reduced-charge specimens were later exchanged with aluminium 
(2 0 , 50, 70 and 100% of CEC, assuming no charge reduction) as described in section 3.2.2.
Materials prepared in this manner are thereafter referred to as RCM30-20, which means that 
natural SAz-1 was 30% Li+ reduced, heated at 250 °C for 15 h and finally treated with Al3+ = 
20% of original CEC; and RCM70-100 denotes Na+-SAz-l was 70% Li+ reduced, heated at 
250 °C for 15 h and then treated with Al3+ = 1 0 0 % of original CEC.
3.2.4 Ion-Exchanged Clays (IECs)
Three experimental procedures were utilised to prepare IECs:
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1. lg of SWy-2, SAz- 1  and Sap-Ca, in the natural form, was ion-exchanged with Al3+, Ni2+,
Mg2+, Ca2+ and Na+, using 29 cm3 of de-ionised water and the exact volume from 0.1 M 
solutions of the metal chlorides or nitrates to satisfy the CEC. These samples were stirred 
overnight at room temperature, centrifuged and the resulting catalysts washed once with 
de-ionised water, dried, ground and stored in closed sample vials. A sample from this 
procedure is designated, for examples, as Nat-SW-Ni which denotes that natural SWy-2 
was exchanged with Ni2+ = 100% of original CEC.
2. The three clays were repeatedly leached with a solution of 0.5 M NaCl, washed free of 
excess ions using de-ionised water until the conductivity was low (<30 p.S), dried and 
ground. From these samples the ion-exchanged forms were obtained using procedure 1. 
The treatment is identified in the sample name. Thus, Na-SCa-Mg indicates that Sap-Ca 
was first fully Na-exchanged and then treated with Mg2+ = 100% of original CEC.
3. Samples, in the natural form, (lg) were fully exchanged washing them three times with 
0.5 M solution of the desired metal cation (as described in 2) to convert them into 100% 
M^-clays. 108 A sample name for this treatment is, for example, Fully-SW-Al, which 
means that SWy-2 was three times treated with 0.5 M Al3+ solution.
3.2.5 Alkylammonium Exchange
For simplicity, the preparation details for these samples are given separately in Chapter 7.
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Part 2 - Catalyst Characterisation 
3.3 Inductively Coupled Plasma-Atomic Emission Spectroscopy
A Spectro (Analytical Instrument) model P, direct emission spectrometer was used to 
perform the analyses of the supernatants from the various preparation procedures. The five 
elements determined were: aluminium, calcium, iron, magnesium, and sodium.
Stock solutions were prepared by dissolution of each standard element in a minimum amount 
of diluted hydrochloric acid. Reference solutions were then prepared via a de-ionised water 
dilution of stock solutions. All were stored in polyethylene bottles.
3.4 X-Ray Diffraction Analysis XRD
X-ray diffraction (XRD) has proven to be an indispensable method for investigating clay 
minerals. XRD established the crystalline nature of clays in the 1920’s and the basic 
structures of the main groups were elucidated over the following ten years. Subsequent pre- 
treatment methods were developed which allowed the precise characterisation of samples 
which contained more than one type of clay mineral.
X-ray diffraction analysis was used to monitor the structural changes occurring in the clays 
due to acid treatment and also to determine whether the TMA+ cations are adsorbed onto the 
interlamellar surface of the clay. This information was found from monitoring changes in the 
d-spacing of the first order basal reflection (dooi spacing) using the Bragg equation:
nX = 2 dsin0
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where 0 is the angle of diffraction, d is the distance between each set of atomic planes of the
crystal lattice, n represents the order of diffraction (n = 1 for d(ooi>) and X is the wavelength of
the X-ray beam.
XRD and VT-XRD profiles were recorded using Cu-K« radiation (X = 1.5418 A) on a Philips 
PW1130 diffractometer operating at 30 kV and 30 mA at a 20 scan rate of 2° min' 1 utilising 
a simple heating stage for VT-XRD. 190 Samples were run as pressed powders in a depression 
mount or as oriented films on glass slides. The latter were heated at 100, 150, 200 and 300 
°C. The samples were held at those temperatures for 20 min prior to recording the XRD trace.
3.5 Thermogravimetric Analysis
Thermogravimetry (TG) analysis provides a quantitative measurement of any weight changes 
associated with only thermally induced transitions. For example, TG can record the loss of 
weight as a function of temperature for transitions that involve dehydration or decomposition. 
In TG the weight of the sample is continuously recorded as the sample is subjected to a
191precise temperature program.
Thermogravimetic analysis (TGA) was utilised to measure the thermal stability of the 
AAOC, A1AOC complexes and the desorption of cyclohexylamine, hept-l-ene and heptan-1- 
ol and heptan-2-ol. TGA was carried out in a Mettler TG 50 thermobalance equipped with a 
TC10A processor. 8-15 mg of samples were weighed into a ceramic crucible and subjected to 
a heating program from 35-800 °C at 2 0  °C min' 1 under a 2 0  cm3 min' 1 nitrogen carrier gas. 
In general samples were conditioned in the nitrogen flow for 15 min until a stable weight was
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registered. Mass losses and the negative first derivative thermograms were plotted directly
after each run.
3.6 X-Ray Fluorescence Analysis XRF
XRF was utilised to estimate the chemical composition of the clays used in this study. Each 
sample was ground into a powder and dried at 120 °C. The dried material (500 mg) was 
mixed with powdered lithium-tetraborate (5 g), put into a platinum crucible and heated at 125 
°C for 6  min. The mixture was then swirled to improve the mixing process, heated for a 
further 6  min, poured into a mould and allowed to solidify before analysis. A Philips PW 
2400 XRF spectrometer was used for all the analysis. The samples were prepared and 
analysed by staff in the XRF unit.
3.7 Elemental Analysis
The percentages of carbon, hydrogen and nitrogen were obtained from MEDAC Ltd 
laboratories.
3.8 TG-FTIR
The ability to couple the thermobalance (via a heated transfer line) to an infrared 
spectrometer is a valuable technique for an informed complete characterisation of the gases 
evolved during thermal processes.
The thermal degradation of selected samples were carried out using a thermobalance (TGI 31, 
Cahn) connected through a heated transfer line to an infrared gas cell (10 cm path length) 
contained in an infrared (FTIR) spectrometer (Infinity Series, Mattson). Usually, 20-40 mg of
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samples were place in the TG sample crucible and then heated from 25 °C to 900 °C at 20 °C
min'1 in a dry nitrogen purge gas at atmospheric pressure (60 cm3 min'1).
3.9 Synergic Chemical Analysis
This system connects the TG-FTIR assembly through another transfer line to an adsorbent 
trap (VOCARB 4000, Supelco) contained in an organic trap module (OTM, Cahn). The 
outlet from the OTM was also coupled to a gas chromatograph-mass spectrometer (GC-MS) 
(Automass System 2, Unicam). The general arrangement of the synergic chemical analysis is 
illustrated in Figure 19.
Upon completion of the TG run, the species contained in the trap were thermally desorbed (at 
250 °C for 4 min) onto the GC capillary column (DB-1, 30 m x 0.25 mm id) where the 
compound mixture was separated before identification by MS. The transfer lines were 
maintained at 250 °C throughout the analysis. In an ordinary experiment the capillary column 
was held at 35 °C for 4 min before ramping the temperature at 5 °C min'1 to 250 °C. The final 
temperature was held for 5 min. To ensure cleanliness of the trap, it was baked for 3 h at 300 
°C before starting the subsequent analysis.192
3.10 Acidity Determination
In order to estimate the acid site population on AACs, AAOCs, AlACs, AlAOCs and IECs,
samples were exposed to a cyclohexylamine vapour (Aldrich, 99%) at room temperature for
periods in excess of 48 h using a gas jar saturator. The weight loss (from TG) observed
between 240 and 350 °C was used to monitor the acidity. The number of acid sites was
•  •  •calculated on the assumption that one molecule of base reacts with one acid site.
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MS
IE
GC
MS OTM FTIR
TGA
Figure 19. Schematic representation of the Synergic Chemical Analysis.
However, this treatment does not provide information on the distribution of acid sites and 
only gives an average of acid strength. Additionally, selected samples were analysed by 
Synergic chemical analysis to study the desorption profile of cyclohexylamine.
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3.11 Adsorption of Hept-l-ene, Heptan-l-ol and Heptan-2-oi
AlACs and AlAOCs derived from STx-1 clay were exposed to hept-l-ene (Aldrich, 99+%) in 
the manner used for cyclohexylamine. The desorption profiles were monitored using TG and 
the identification of the products formed at room temperature was carried out using Synergic 
chemical analysis. Additionally, these series of samples were saturated with heptan-l-ol 
(Aldrich, 98%) and/or heptan-2-ol (Aldrich, 98%) to further investigate the formation of 
heptene from the dehydration of these alcohols.
3.12 Catalytic Activity Measurement
The catalytic activity was determined by reacting a-pinene to yield camphene and limonene 
as the main products. The reaction involves changes in the carbon skeleton of the molecules. 
Protonation of the less substituted end of the double bond of a-pinene leads to an inductively 
stabilised carbocation in which the cyclobutane ring strain is relieved by the migration of one 
of the ring bonds to the positive carbon atom. This 1,2-migration is known as a Wagner- 
Meerwein rearrangement.193 The formation of camphene with its less strained structure 
provides the primary driving force for the rearrangement, rather than carbocation stability 
(Figure 20).
In order to establish the best operational conditions, the a-pinene reaction was carried out at 
80, 100, 120 and 140 °C for 2 h using SW-TMA/48H. The system was not under reflux but a 
condenser was attached. A 1 cm3 aliquot of the reaction mixture was taken every 15 min and 
analysed by GC. It was evident that increasing the reaction temperature caused a substantial 
increase in reactivity (Figure 21).
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Figure 20. Mechanism for the formation of camphene.
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At 80 °C and 100 °C the conversion after the first 15 min was quite low and then gradually
increased to a maximum of 52% and 72% at 2 h, respectively. At 120 °C the activity changed
drastically compared with that at 80 and 100 °C. A high percentage yield was initially
noticed, and reached a maximum of 82% after 60 min and then remained almost constant.
At 140 °C the maximum yield was achieved in less than 15 min (90% conversion) and was 
invariant through the total reaction time. GC analysis confirmed that no isomerisation 
products occurred as a result of pre-heating the a-pinene before addition of the catalyst. 
Based on these preliminary results, 120 °C and 1 h, were taken as optimal conditions to cany 
out the a-pinene reaction for AACs, AAOCs, AlACs and AlAOCs. For IECs samples the 
reaction was performed at 80 °C for 2 h.24,25
3.12.1 Experimental Procedure
100 mg of organoclay was dried at 120 °C overnight. This was placed in stoppered containers 
and placed in a dessicator to cool and prevent rehydration. The catalyst was then added 
rapidly to the pre-heated (120 °C) 10 cm3 (0.06 mol) of a-pinene (Aldrich 98%, used as 
received) and maintained at 120 °C for 1 h, using a hotplate and a sand bath to ensure an 
even temperature distribution. A condenser was fitted. The final solution was drawn up into a 
syringe and passed through a syringe filter into a dry sample vial whilst still warm.
3.12.2 Gas Chromatography
The product mixtures from the a-pinene reaction were quantified in a Perkin-Elmer 8310B 
gas chromatograph using a flame ionisation detector. A packed column 6’xl/8” SS,
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containing 3% OV 225 chromosorb WHP mesh sized 80/100, with a nitrogen carrier gas, was
used for all separations. The experimental conditions employed were: 0.2pl of the sample;
isothermal for 10 min at 70 °C; injector temperature 150 °C; detector temperature 150 °C; air
and hydrogen pressure of 20 psi; and nitrogen flow rate of 12 cm3 min'1.24,25,194
3.12.3 Gas Chromatography -  Mass Spectrometry
The reaction products were identified by gas chromatography coupled with mass 
spectrometry (GC-MS), as described in section 3.9. The experimental conditions used are 
given in Table 7.194
Splitless injection 10 seconds
Isothermal at 50°C 10 minutes
Gradient up to 225°C 35 °C/minute
Isothermal at 225°C 10 minutes
Interface temperature 250 °C
Source temperature 130 °C
Ionisation energy 70 eV
Detector gain 750 volts
Mass range scan 4-200
Table 7. Experimental conditions of the GC-MS for the identification of the isomers’ 
mixture.
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4.0 Introduction
As mentioned in Chapter 2 (section 2.3), the intercalated cation in naturally occurring clays is 
Na+ or Ca2+. Such clays are very weak catalytically, if at all. However, the catalytic 
properties of clays can be improved by acid activation, which increases the nitrogen surface 
area, the number (and type) of acid sites and the adsorptive capacity of the resulting 
material.9,90'94 Additionally, the hydrophilic nature of swelling clays can be rendered 
hydrophobic by displacing the exchangeable inorganic cations with different organocations 
by simple ion exchange, giving rise to the so called organoclays. The aim of the 
organocations is to hold the aluminosilicate sheets of clays permanently apart and increase 
the interlamellar spacing.13,15,136*142
Combining acid activation treatment with organocation intercalation provides a potential 
enhancement of the clay properties because it presents a proton rich environment when 
presented to organic molecules and expanded layers due to the presence of the organocation.
Breen’s group has recently prepared organoclays, initially with fixed amounts of a 
polycation24 or different organocations,25 and then evaluated the resistance of 
polycation/organocations to acid leaching. They tested the prepared catalysts using the 
isomerisation of a-pinene and found that the highest yields were achieved using mild acid 
activation treatment in clays with the lowest polycation loading. Similarly, a relative 
increased yield was only observed in organoclays containing the smallest amounts of 
organocation treated with mild acid conditions. In general, they observed that the ability of 
protons to compete or displace effectively the organic aggregates from active sites was 
decreased at high polycation or organocations loadings. However, in both studies Breen’s
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group did not take into consideration the preference of the clays for organocations and
protons when both are present in aqueous solution.
Therefore, in this chapter the attention has been focused to further elucidate the factors that 
influence the activity (based on the isomerisation of a-pinene) of acid-activated organoclays 
(AAOCs). These factors include the effect of the acid treatment on the organocations 
[tetramethylammonium (TMA*) or trimethylphenylammonium (TMPA+)] loadings when 
both protons and organocation (at a fixed concentration) are in aqueous solution, and the 
charge density and locus of isomorphous substitution of different source clays. The catalytic 
activity of AAOCs is compared with that prepared in the absence of organocation, in this 
chapter called acid-activated clays (AACs).
The clay minerals used in this section were: STx-1, SWy-2, SAz-1 and Sap-Ca. Sap-Ca 
differs from the other three montmorillonites in having the isomorphous substitution located 
in the outer tetrahedral sheet, adjacent to the surface, rather than in the octahedral sheet in the 
centre of the layer. The potential advantage of this is that the strength of the associated sites 
should be higher than in montmorillonites. A series of progressive acid-activated organoclay 
samples were prepared, from each clay, according to the procedure described in section 3.2.1.
Sap-Ca also possesses a higher octahedral Mg2+ content than the other clays and will be 
extensively leached under the mild acid-activation conditions used herein and will therefore 
provide an interesting comparison with the activity of STx-1, SWy-2, SAz-1 which have an 
aluminium rich octahedral sheet and will therefore only be mildly leached under the 
conditions used.
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4.1 Catalyst Characterisation
4.1.1 Chemical Analysis
ICP analysis provided information about the metal cations displaced during acid treatment 
and/or TMA+ exchanged into the clays. Figures 22 and 23 show the percentage of metal 
oxide released as a function of the amount of acid in the initial solution for clays derived 
from SAz-1 and Sap-Ca. It is well known that protons displace the resident exchange cations 
during mild acid treatment whilst increasing the severity of acid treatment progressively 
leaches the basic clay constituents -magnesium, iron, and aluminium- at similar rates.95 
Severe acid treatment is also known to increase the surface area and change the pore-size
7  fiS  Q9 Q9 10 Sdistribution whilst mild acid activation causes little damage to the silicate layer. ’ ’ ’ ’
Complete displacement of the exchangeable Na+ and Ca2+ ions by H+ (or TMA+) was 
observed for all the clays, provided at least 1.2 CEC was used. ICP data also confirmed that a 
small portion of the total Mg2+ content was easily removed from SWy-2, STx-1 and SAz-1 
samples suggesting the presence of Mg2+ on exchange sites. However, for Sap-Ca, which 
contains much more octahedral Mg2+, significant amounts of Mg2+ were released at [H+] >10 
mmol g'1. A gradual increment in Al3+ was observed in the leachate from SWy-2 and STx-1 
(not illustrated), although the total amount removed as a percentage of A1 available was 
small. The addition of TMA+ to the initial mixture had no effect on the removal of cations 
from SWy-2, STx-1 and SAz-1 because this was simply an ion-exchange process. However, 
it did increase the amount of Mg2+ released from Sap-Ca (Figure 23), perhaps because the 
TMA+ cations propped the layers apart and facilitated the ingress of protons into the 
interlayer space where they could enter the layer through the ditrigonal cavity and displace
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Figure 22. Percentage of oxide released during acid treatment of AAOCs derived from 
SAz-1 (*) Na20 ,  (♦ ) CaO, (■) A120 3, ( • )  Fe20 3 and (A) MgO.
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Figure 23. Percentage of oxide released during acid treatment of AACs derived from 
Sap-Ca (*) Na20 ,  (♦ ) CaO, (■) A120 3, ( • )  Fe20 3, (A) MgO and (x) MgO/AAOC.
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Mg2+. Breen, el al.,25 found that octahedral depopulation was retarded when the gallery is
fully occupied by alkyltrimethylammonium cations. Thus, the nature of the organocation has
an influential role to play in the preparation of AAOCs.
4.1.2 XRF Determinations
The relationship between the amount of cation released (reported as percentage of metal 
oxide) using 120 mmol of KC and the total available metal oxide content, determined by 
XRF194 is listed in Table 8. For example 54.8% of the available MgO content (28.2 wt 
%MgO) of saponite was released which means that there is still 12.8 wt %MgO remaining in 
the leached clay. It can clearly be seen that Sap-Ca was substantially affected by the acid 
treatment. The relatively high percentage of Mg2+ and Fe3+ released from SWy-2 is due to 
Mg2+ cations on exchange sites and dissolution of Fe-containing impurities.
SWy-2 STx-1 SAz-1 Sap-Ca
%Na20 66.4(1.70) 84.2 (0.38) 66.6 (0.07) 96.5 (1.37)
%CaO 91.0 (1.76) 83.5 (1.76) 94.6(3.16) 98.4(1.50)
%MgO 18.0 (2.77) 10.3 (3.56) 9.6 (7.24) 54.8 (28.2)
%A120 3 1.5 (20.6) 2.2(16.8) 3.4 (19.7) 43.9 (5.29)
%Fe20 3 8.5 (4.63) 5.1 (0.78) 2.5 (1.59) 42.9(1.36)
Table 8. Percent of available oxide released from the clay at 120 mmol H+. Figures in 
parentheses represent the actual weight percentage of the oxide in the clay structure.
4.1.3 X-Ray Diffraction
The X-ray powder diffractograms of SWy-2 (SW-TMA/12H, SW-TMA/72H and SW- 
TMA/120H) and similar series of samples derived from Sap-Ca are shown in Figures 24 and 
25, respectively. The d-spacings were 13.5, 13.8 and 13.7 A for SWy-2 and 13.7, 13.5 and
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Figure 24. XRD traces for (a) SW-TMA/12H, (b) SW-TMA/72H and (c) SW- 
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Figure 25. XRD traces for (a) SCa-TMA/12H, (b) SCa-TMA/72H and (c) SCa- 
TMA/120H.
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13.3 A for Sap-Ca samples. The d-spacings were essentially the same although a small
reduction was observed at higher acid concentrations.
The diffraction traces for these samples exhibited narrow and intense 001 peaks, together 
with several higher order reflections. After acid treatment with 72 and 120 mmol ET, the 001 
reflections together with higher 00/ reflections were weaker and much broader as the acid 
treatment used became more severe, suggesting that the acid-activated organoclay samples 
became more substantially disordered than the parent clay materials. The transformation to 
pure silica was not complete for SWy-2 samples because the 001 peak was still present 
together with M0 reflections near 20° and 35° (20) and the 060 peak near 62° (0).
Nonetheless, these peaks become less pronounced as the severity of acid treatment increased 
(120 mmol Ef), particularly for Sap-Ca samples, indicating that its structure has been 
considerably affected. Evidence of crystalline impurities such quartz was found in these 
samples, mainly because no extensive purification procedure was carried out.
4.1.4 Thermogravimetric Analysis of the Organoclay Complexes
Organoclay complexes were characterised by thermogravimetric analysis to establish their 
thermal stability.
In Figure 26 a typical thermogram of an organoclay is plotted, which includes the weight loss 
and the negative first derivative curve. The derivative curve shows three maxima. The first 
region, at lower temperature corresponds to the loss of interlayer water, and reaches a 
maximum at 90 °C. The second region of the curve is attributed to the desorption/breakdown 
of the organocation (TMA+) from 300 °C to 440 °C.
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The third region is associated with both the losses of strongly adsorbed water and structural
hydroxyl groups84 along with the evolution of CO2 from residual carbonaceous deposits of
the organocation. The latter, seen as a broad peak, is observed between 560 and 800 °C, In
this region, the CO2 evolution and dehydroxylation maxima at 640 °C appear in a unique
band in which both species are overlapped, as shown by the dotted lines drawn for schematic
purposes.
Figure 27a shows the thermogram of untreated SWy-2 clay, where only the maxima at 90 °C 
and at 700 °C are observed. Acid-activated organoclays show these two peaks alone with that 
of TMA+ between 300-420 °C (Figures 27b-e). The assumption pointed out in the paragraph 
above that the evolution of CO2 and the dehydroxylation are overlapped is clearer in Figure 
27. If the thermogram of the untreated SWy-2 sample is compared with one of the acid- 
activated organoclays, it is evident that the maximum at 700 °C for the former is shifted to 
the lower temperature of 640 °C in the latter, commencing at 530 °C and extended up to 730 
°C.
These results indicate that TMA+ is present in the clay structure and that the complexes are 
thermally stable up to 300 °C. The reduction in the TMA+ maximum with increasing [FT] 
confirms that FT was able to compete with TMA+ when the [H*] level was high. The amount 
of TMA+ present in the H+/TMA+-samples was, semi-quantitatively, determined using TGA 
and followed the order: SAz-1 > SWy-2 = STx-1 > Sap-Ca in all cases. The calculations 
were done subtracting the weight losses at 320 °C and at 480 °C, then the amount (in mg) was 
divided by the molecular weight of the organocation and the weight of sample (in mg) and
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Figure 27. Derivative thermograms for (a) untreated SWy-2, (b) SW-TMA/12H, (c) 
SW-TMA/24H, (d) SW-TMA/96H, and (e) SW-TMA/120H.
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finally divided by the CEC of the clay and multiplied by 100. This gives an approximate idea
of the percentage contribution of the organocation to the CEC of the clay.
Moreover, the amount of TMA+ in SAz-1, SWy-2 and STx-1 was high even when in 
competition with substantially higher amounts of acid. The TMA+ content (as %CEC) 
remaining in the clays after activation (Table 9) reinforces the TMA+ cations’ remarkable 
resistance to displacement by protons. A considerable amount of TMA+ was present in SWy- 
2, STx-1 and SAz-1 when only 1 mmol TMA+ was competing with 120 mmol fC.
SW-TMA ST-TMA SA-TMA SCa-TMA
0 mmol H+ 44 37 37 25
1.2 mmol Kf 50 42 52 34
12 mmol H+ 42 37 45 26
24 mmol Hf 32 37 45 22
48 mmol H* 30 26 40 22
72 mmol H4" 26 24 38 21
96 mmol Y t 24 24 36 17
120 mmol tT 24 24 35 16
Table 9. Percentage of TMA+ to initial CEC present in the samples after activation.
Indeed, the amount of TMA+ on the exchange sites was increased by small quantities of acid 
(Table 9). This increment was more marked in SAz-1, which in all cases showed the highest 
affinity for TMA+ cations, even at severe acid activation treatment. This observation, 
perhaps, can be explained in terms of differences in charge density and in magnitude of van 
der Waals contribution. Certainly, Maes and Cremers196 studied the influence of charge
Chapter 4. Catalytic Activity of Acid-Activated Clays and OrganoClays 83
A. J. Moronta, Preparation, Characterisation and Catalytic Activity o f Acid-Activated OrganoClays
density on the ion exchange equilibria and stated that the free energy of the exchange
decreases linearly with the logarithm of the charge density. Therefore, the significant higher
TMA+ content detected in SAz-1 clay can be attributed to the high charge density compared
to the other clays.
ICP-AES analysis of the supernatants confirmed that TMA+ was effective at displacing Na+- 
cations but less able to displace Ca2+ and Mg2+. These results are in line with those reported 
by Theng, et al.,146 who found that Na+ was more easily exchanged by the organic cations 
than was the Ca2+. This conclusion is further supported if one compares the significantly 
higher value of TMA+ in SWy-2, where no acid was added, with those of the other clays. 
SWy-2 is a Na/Ca-montmorillonite whilst the others are Ca-clays. As a result, TMA+ easily 
displaces the exchangeable Na+ ions in SWy-2 than Ca2+ in the other clays. Additionally, it 
appears that TMA+ was able to displace some of the protons, which had already replaced 
Ca2+ and Mg2+ ions. Much less TMA+ was retained in the Sap-Ca samples because the 
number of cations on exchange sites decreased as the layer was leached.
In order to determine the effect of the washing process on the retention of TMA+ in AAOCs, 
SA-TMA/24H sample was subjected to six-successive centrifuge-washing treatments with 
water, as described in section 3.2.1. A portion of the washed clay was removed at each stage 
and analysed for carbon, nitrogen and hydrogen as well as TG analysis, for selected samples. 
The results are summarised in Table 10. The figures indicated that 0.66 mequiv of TMA+ per 
gram of clay was initially present on the prepared sample prior to washing treatment; that 
after the single washing the TMA+ decreased to 0.60 mequiv g'1 and no significant removal 
of the cation was observed with further centrifuge-washing treatment.
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Washes %C %H %N TMA(CEC)
None 3.27 2.14 0.94
1 3.12 2.08 0.96 47
2 3.09 2.05 0.93
3 3.12 2.06 0.92 47
4 3.06 2.05 0.90
5 3.13 2.09 0.91
6 3.14 2.08 0.94 48
Table 10. Effect of the washing treatment on the TMA+ retention.
Similar findings were reported by Vansant and Uytterhoeven197 and by Kinter and 
Diamond.198 The latter authors pointed out that intercalated organocations are occupying the 
exchangeable sites and a small fraction may be partially embedded in the oxygen-ring 
cavities of the clay surface, where it is thought that such embedding may, perhaps, account 
for the ability of the clay to retain the organocation against the subsequent washing 
treatment.198
Additional proof of the high retention power of alkylammonium cations were given by 
Mortland and Barake151 who investigated the exchangeability of ethylammonium ions on 
montmorillonite by Li+, Ca2+ and Al3+ ions. They stated that the ability of the metal ions to 
displace the organocation decreased in the order Al3+ > Ca2+ > Li+.
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The derivative thermograms of acid-activated organoclays derived from SWy-2 using
trimethylphenylammonium (TMPA+) are shown in Figure 28. Three maxima at
approximately 300, 580 and 700 °C are clearly observed. They can be attributed to' (i)
desorption and breakdown83 of TMPA+ and (ii) formation of CC^from carbonaceous deposits
combined with the dehydroxylation maximum. In this case both maxima appear well-
separated, perhaps because the TMPA+ produces CO2 in two stages, the first from the phenyl-
ring and the second from the methyl groups. In SW-TMA/H samples the
desorption/breakdown of TMA+ gradually decreased as the acid concentration increased
(Figure 27).
Elemental chemical analysis of SW-TMPA/H samples are given in Table 11. The C, H and N 
contents were essentially the same, which correspond to 66-71% of TMPA+ in terms of the 
CEC for SWy-2.
Sample/Element Carbon Hydrogen Nitrogen
SW-TMPA/12H 6.80 1.45 0.88
SW-TMPA/24H 6.59 1.45 0.84
SW-TMPA/48H 6.66 1.43 0.85
SW-TMPA/72H 6.55 1.42 0.84
SW-TMPA/96H 6.52 1.42 0.82
SW-TMPA/120H 6.32 1.40 0.81
Table 11. Elemental analysis for SW-TMPA/H samples.
Chapter 4. Catalytic Activity of Acid-Activated Clays and OrganoClays 8 6
- d
W/
dT
A. J. Moronta, Preparation, Characterisation and Catalytic Activity o f Acid-Activated OrganoClays
100 300 T 500 — i—700
Temperature °C
Figure 28. Derivative thermograms for (a) SW-TMPA/12H, (b) SW-TMPA/24H, (c) 
SW-TMPA/48H, (d) SW-TMPA/72H and (e) SW-TMPA/120H.
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Additionally, VT-XRD patterns of SW-TMPA/12H and SW-TMPA/120H were taken using 
thin, oriented layers on glass slides under the following conditions: (a) room temperature, (b) 
100 °C, (c) 150 °C, (d) 200 °C and (e) 300 °C. The results, summarised in Table 12, give 
values of d(ooi) in A .  The measurements were made mainly on the first order diffraction peak, 
higher orders being generally weak and broad (Figure 29).
RT 100 °C 150 °C 200 °C 300 °C
SW-TMPA/12H 14.5 14.3 14.2 14.2 13.5
SW-TMPA/120H 14.4 14.2 14.2 14.1 13.1
Table 12. Values of d (o o i) , in A ,  of SW-TMPA/H at various temperatures.
The spacings in all cases are significantly higher than would be obtained with the usual forms 
of Na- or Ca-saturated smectites.103’120 The values are maintained from 100 to 200 °C, which 
means that the expanded nature of TMPA-exchanged montmorillonite is stable over a wide 
range of temperature conditions and the d-spacing is controlled by the TMPA+ content. 
However, at 300 °C, the d-spacing is slightly reduced by 1 A . This indicates that the TMPA- 
clay complex has partially broken down.
It is obvious, from Table 12, that the increment in acid concentration has little effect on the 
expansion of AAOCs prepared using TMPA+. One would expect a complete collapse of the 
clay structure (given by a considerable reduction in the d-spacing) as the severity of acid 
treatment was increased.
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These figures, together with TGA and elemental analysis results, further support the
contention that TMPA+ had a higher affinity for the clay surface than TMA+ when in
competition with protons. An explanation for this apparent discrepancy is that the affinity of
SWy-2 clay for alkylammonium ions is related to the molecular weight.146,147 Therefore,
TMPA+ cations (FW = 136 g mol'1) would compete more effectively with protons for
exchangeable sites than TMA+ cations (FW = 74 g mol'1). These affinity sequences have
been attributed to important van der Waals contributions and changes in the hydration
state.147 Another possibility is that the bulky phenyl group may occupy more of the siloxane
surface than the methyl group199 making more difficult the displacement by protons. More
recently, Watson194 studying the effect of acid treatment on clays treated with different
organocations [tetramethylammonium (TMA4), dodecyltrimethylammonium (DDTMA+) and
octadecyltrimethylammonium (ODTMA+)] found similar results. The order of affinity of the
organocation for the clays was ODTMA+ > DDTMA+ > TMA+, confirming that the retention
of the alkylammonium ions on clays is directly related to the molecular weight. Protons were
able to displace ODTMA+ and DDTMA+ when the loadings of these organocations were low
(0.25 CEC).
4.1.5 Desorption of Cyclohexylamine
In order to confirm the presence of protons in the /TMA+ samples, a selection of samples 
was exposed to cyclohexylamine vapour. Figure 30a shows that the derivative thermogram 
for the desorption of cyclohexylamine, from SW-TMA, exhibited three desorption maxima 
(prior to the dehydroxylation region), at 90, 140 and 410 °C, which correspond to the loss of 
physisorbed water and the desorption of cyclohexylamine and TMA+, respectively.
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Figure 30. Desorption thermograms of cyclohexylamine on (a) SW-TMA, (b) SW-12H, 
(c) SW-TMA/12H, (d) SW-TMA/48H and (e) SW-TMA/120H.
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Ballantine, et a l, and Breen have shown in their studies on A1 -montmorillonites and
acid-activated montmorillonites that the desorption of cyclohexylamine from strong acid sites
occurs near 300 °C, but there is little evidence for such a peak in this sample. This particular
sample contains no protons able to interact with cyclohexylamine, and only a weak
association of the base with exchange sites of TMA+ could be established, giving rise to the
desorption peak at 140 °C. Additionally, at the dehydroxylation region, two maxima are
observed at 600 °C and 700 °C.
The assumptions already given for the TMPA+/H system can be also utilised to explain the 
cyclohexylamine system in the region 560-750 °C. The peak at 600 °C could be attributed to 
the evolution of CO2 from residual carbonaceous deposits derived from cyclohexylamine 
(present in the interlamellar space) combined with water, and that at 700 °C could be ascribed 
to carbon dioxide from deposits derived from TMA+ with water evolved during the 
dehydroxylation process. This conclusion was reached by comparing Figure 30a with Figure 
27b.
In contrast, the desorption thermogram of cyclohexylamine from an acid-treated SWy-2 
(Figure 30b) did exhibit a sharp, intense peak at 320 °C corresponding to the desorption of 
cyclohexylamine from strong acid sites.83 It is worth noticing that in this thermogram the 
broad peak between 110-220 °C was absent, which may indicate that the interaction of 
cyclohexylamine was, exclusively, with strong protonic sites. Additionally, in the region 550- 
750 °C only one broad peak is observed. This is due to CO2 from carbonaceous deposits of 
cyclohexylamine combined with water evolved during the dehydroxylation. This observation 
supports the inferences established in the previous paragraph.
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The derivative thermogram for the desorption of cyclohexylamine from SW-TMA/H samples
(Figures 30c-30e) contained evidence for both protonated cyclohexylamine and TMA+
cations, indicated as CX and TMA in Figure 30. The broad peak in the 110-220 °C region is
again clearly observed, which becomes less intense and slightly shifts as more acid was used.
The TMA+ desorption maximum shifted to 440 °C for SW-TMA/12H (Figure 30c) is much
more intense than that for cyclohexylamine desorption at 320 °C, which reflects the low
proton content. However, as the amount of acid used in the sample preparation increased the
maximum at 320 °C grew whilst that at 440 °C decreased. This confirms that both protons
and TMA+ cations reside on the exchange sites and that the relative occupancy of protons
increased as the acid concentration increased. This figure further reinforces the fact that
TMA+ ions can compete very effectively with protons for exchange sites on the clay.
The desorption in the dehydroxylation region shows again two peaks with maxima at 620 
and 715 °C. The intensity of the former remained constant in all samples, but the maximum 
at 715 °C, which was resolved from its neighbour, decreased in intensity. This behaviour 
undoubtedly supports the assumptions that two CO2 species are produced from 
cyclohexylamine and TMA+ cations. As the severity of acid treatment increased the 
population of TMA+ gradually decreased. Therefore, a reduction in the intensity of the peak 
at 715 °C was expected.
4.1.6 Real Time TG-FTIR for the Desorption of Cyclohexylamine
The gases evolved during the thermal decomposition of cyclohexylamine from SAz-1 clay 
treated with 48 mmol FC were analysed by real time TG-FTIR. The results are presented in 
Figure 31.
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At temperatures below 100 °C, four spectral regions are distinguished (Figure 31a): (i) 3950-
3500 cm'1 and (ii) 1900-1300 cm'1, which correspond to the stretching and deformation
bands of physisorbed water from the clay structure, combined with the bending modes of the
molecule, (iii) 2937 and 2862 cm'1 associated with the stretching bands of CH and (iv) a
sharp doublet centred at 2366 and 2332 cm'1 attributed to the formation of CO2 .200
At temperatures >100 °C (Figure 31b), significant changes occurred in the IR spectrum. The 
intensity of the bands associated to v(CH) and CO2 increased. Additionally, two more bands 
are noticed at 1458 cm’1 common to the ionic and molecular form of cyclohexylamine201 and 
the other, a doublet at 966 and 931 cm'1, assigned to the symmetric deformation mode of 
ammonia.195
The infrared spectrum, at which the desorption maximum of cyclohexylamine occurs (near 
300 °C) was also recorded (Figure 31c). The intensity of the CH band was even higher, 
whilst those of CO2 and H2O were invariant. However, a sharp band at 3030 cm"1 (not as 
prevalent as before) was evident and is certainly associated with unsaturated =CH 
stretching.202 This band is corroborated by the appearance of another band centred at 1630 
cm'1 due to superposition of the stretching >C=C< bond on the bending of water. It is 
important to notice that this spectrum is characterised by the presence of a weak band at 3350 
cm'1 attributed to NH stretching.203 The dynamic decomposition of cyclohexylamine at 
temperatures over 450 °C indicated that residual carbonaceous deposits are left on the clay 
structure and undergo transformation to carbon dioxide. This conclusion is verified by the 
clear presence of hydrocarbons (2800-3000 cm'1) that have remained strongly bonded even 
up to 740 °C (Figure 3 Id).
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Figure 31. FTIR spectra for the desorption of cyclohexylamine on SA-48H at (a) 90 °C 
and (b) 190 °C.
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Figure 31. Continued. FTIR spectra for the desorption of cyclohexylamine on SA-48H 
at (c) 300 °C and (d) 740 °C.
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Figure 32 shows, in a 3D plot, the evolution and changes in the infrared spectra from the
cyclohexylamine desorption as a function of time when the temperature rate increased. The
maximum absorbance for the desorption of cyclohexylamine appears at approximately. 30
min (near 300 °C). Measurable quantities of carbon dioxide are evolved at temperatures as
low as 200 °C,204 and at higher temperatures only the band associated with CO2, water and
hydrocarbon residues (at low intensity) are noticed.
J
4000 1500 1000
Wavenumbers
Figure 32. 3D FTIR spectra of the species evolved during the desorption of 
cyclohexylamine from SA-48H sample.
Figure 33 illustrates the contribution of gases evolved during the desorption of 
cyclohexylamine to the total FTIR chromatogram vs. time. Undoubtedly, the 
desorption/breakdown of the base gives rise to different species, consisting of aliphatic and 
unsaturated hydrocarbons, ammonia and CO2 as well as water from the clay. Most of these 
species appear at the same temperature (310 °C) indicating transformation of the base on the
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clays’ acid sites, although the NH3 bands maximise at a slightly higher temperature and NH3
continues to evolve until 45 min (600 °C).
These results clearly demonstrate that the effect of heating on protonated cyclohexylamine 
causes a breakdown of the molecule to give new rearrangements. GC-MS analysis of the 
fragmentation pattern of each ion (from ion-exchanged clays) indicated that the products 
formed were ammonia, cyclohexene, 1,3-cyclohexadiene, benzene, cyclopentene and 1,3- 
cyclopentadiene. Further details and discussion of these observations along with a proposed 
mechanism will be given in the next chapter, where considerable attention was given to the 
interaction of cyclohexylamine with aluminium-activated clays, aluminium-activated 
organoclays and ion-exchanged clays.
4.2 The Catalytic Conversion of a-Pinene
* 176As described in sections 2.11 and 3.12, a-pinene reacts readily in the presence of acid. 
Under non-aqueous conditions isomerisation via ring expansion takes place to yield 
camphene. In highly polar protic solvents (e.g., H2SO4) monocyclic terpenes are formed via a 
ring-opening process to give a mixture of p-menthadienes, including limonene.
Camphene is formed readily205 by elimination of a proton from the ion I (Figure 34). 
Williams and Whittaker176 suggested that camphene results from II by elimination and a 
simultaneous bond shift.
Elimination from II probably is initiated by a proton loss from either C-3 or C-10. In the 
former case, this must result in displacement of the partial bond, C-2 to C-7, which gives a-
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pinene. If however, a proton is lost from C-10, two possible rearrangements are possible.
Displacement of the partial bond from C-2 to C-7 yields p-pinene, whilst the alternative, shift
of the electrons of the C(2)-C(3) bond to give a bond between C-3 and C-l, displaces the
partial bond between C-l and C-7. This leaves a bond between C-2 and C-7, yielding
structure in, which is that of camphene. Formation of a-fenchene probably involves an
analogous process in the ion (Figure 16) in which the shift of the C(2)-C(3) bond gives a-
fenchene (competes with displacement of the partial bond from C-2 to C-6 to give p-pinene).
The latter bond would be expected to be weaker than the C(2)-C(7) bond in II since the rate
of formation of II from cis-2-pinyl p-nitrobenzoate exceeds the rate of formation of a-
fenchene from the trans-isomer.
Figure 34. Rearrangement of a-pinene to camphene.
This isomerisation was chosen by Rhodes and Brown165 to support their contention that 
extensively acid-leached clays, which are essentially hydrophobic silica, were particularly 
suited for conversions involving non-polar substrates. Their results, based upon work with a 
clay similar to STx-1, showed that the nature of that particular clay surface was more 
significant than the number of available acid sites.
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4.2.1 Effect of the Type of Clay on the Catalytic Activity
The type of clay has a profound effect upon the catalytic activity for a-pinene isomerisation 
(Figure 35). In the absence of TMA+ both Sap-Ca and STx-1 were more effective catalysts 
for the process than SWy-2 and SAz-1. Clays from different deposits are attacked to different 
levels by the same acid treatment. In this case, for example, the high activity of Sap-Ca could 
realistically be attributed to the extensive leaching of the clay as acid treatment progressed 
because it possesses a magnesium rich octahedral sheet, presenting a similar behaviour to the 
catalyst used by Rhodes and Brown.165 As magnesium, from the octahedral sheet, is leached 
out a considerable portion of the internal surface area (in the octahedral sheet, Figure 36a) is 
created. This surface becomes available to a-pinene molecules to interact with protons from 
either the acid treatment or with those resulting from the polarisation of water by aluminium 
in the tetrahedral position due to isomorphous substitution with the corresponding 
enhancement in the catalytic activity. However, this cannot explain the comparable activity 
of STx-1 since this was not significantly leached under the conditions utilised herein. STx-1 
clay has an aluminium rich octahedral sheet that gives it a high resistance to acid leaching 
and, therefore, the montmorillonitic structure is partially preserved.
Preliminary studies associated with acid-activated polycation exchanged clays have shown 
that mildly acid-activated SWy-2 is a more effective catalyst for this process than SAz-1.24 
The catalytic activity of SWy-2 and SAz-1 samples treated with 6 M HC1 for 90 min at 25 
°C was 42% and 12%, respectively. Hot acid treatment, at 95 °C for 180 min, increased the 
yield in both samples up to 78% (SWy-2) and 66% (SAz-1). Clearly, these results suggested 
that acid treatment at 95 °C fori 80 min was sufficient to achieve significant dissolution of the 
octahedral sheet of SWy-2 and SAz-1, resulting in catalysts similar to that of Sap-Ca clay.
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Figure 36. Showing the effect of acid treatment on an octahedral Mg-rich clay, (a) 
octahedral sheet partially leached at mild acid treatment and (b) octahedral sheet 
totally collapsed at severe acid treatment.
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The effect of acid treatment is more markedly noticed in Sap-Ca samples (Figures 23 and
25), in which the maximum conversion is observed between 48 and 72 mmol FI*. Under these
conditions the surface area available in the octahedral sheet is maximised and then with a
more intense acid treatment it is reduced as a consequence of the collapse of the clay
structure7,92,93 (Figure 36b) with the concomitant drop in the catalytic activity.
The type of clay utilised also influenced the activity of the TMA/H samples. In all cases the 
lowest activities were recorded using the TMA+-saturated clays, confirming, as anticipated, 
that exchange with TMA+ alone did not enhance the catalytic activity. Samples treated with 1 
CEC of TMA+ (no acid added), displaces 20%, 28%, 40% and 56% of total Ca2+ in STx-1, 
SWy-2, SAz-1 and Sap-Ca. Figure 35 clearly shows that the major activity in samples 
treated with TMA+, is achieved in Sap-Ca (10%) where the displacement of calcium is 
relatively higher than in the other three clays (6.6 %, 3.5% and 5.0% yield for STx-1, SWy-2 
and SAz-1, respectively). Sodium and calcium are strongly hydrated in the presence of water, 
resulting in a hydrophilic environment at the clay surface. As a result, natural clays are 
ineffective catalysts for the isomerisation of a-pinene.
The total conversion for SW-TMA/H samples exhibited the largest increase in yield (from 
50% for SW-H) to 88%, which incidentally represents an eightfold increase over SW-TMA. 
The conversion over ST-TMA/H samples increased slightly from 62% to 73% whereas the 
yields for SCa-TMA/H and SA-TMA/H samples decreased from 60% to 50% and from 35% 
to 20%, respectively.
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The high activity of SW-TMA/H could be perhaps because this clay swells and interacts very
well with a-pinene. A similar explanation could be given to the behaviour of STx-1. The
most probable explanation for reduction in activity of SCa-TMA/H could be that TMA+
cations occupy the available surface already created by the protonic attack of the octahedral
sheet and then those active sites are not accessible to a-pinene molecules (Figure 37). In this
case, a-pinene molecules only can access the acid sites in the interlamellar space. Finally,
SA-TMA/H presented a very low H* content and a high TMA+ content (Table 9) which
represents a reduction in space availability toward the isomerisation of a-pinene.
-  TMA
TMA H TMA
-  TMA TMA
Figure 37. Showing the occupancy of TMA+ cation in the octahedral sites created 
during the acid attack.
In general, the activity for all TMA/H samples increased with the extent of acid treatment 
reaching a plateau between 48 and 72 mmol Y f  before declining after preparation in more 
concentrated acid.
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The following considerations should be pointed out in order to compare the results obtained
herein with those achieved by De Stefanis, et al.,161 Watson,194 and Rhodes and Brown:165
De Stefanis, et al.,167 investigated the isomerisation of a-pinene in several alumina-pillared 
clays (denoted Al-PILC and FAZA) under Lewis acid conditions and compared the produced 
yield with those obtained with two mid-pore zeolites (denoted USY and NH4+-ZSM-5, with 
Si0 2 /Al20 3  = 35 and 235). They carried out the reaction at 100 °C for 5 h in a sealed glass 
reactor, and found that the bicyclic a-pinene gave the highest conversion in all catalysts, 
giving >50% camphene. The yield showed that USY was the strongest acid, after which the 
acidity order was: BP-PILC = ZSM-5 (35) > FAZA > H-mordenite.
Watson194 carried out the isomerisation of a-pinene at 80 °C for 2 h over moderated loading 
of TMA+ (5 times the CEC) acid-activated Ca-montmorillonite, Na-montmorillonite, 
beidellite, nontronite and Al-montmorillonite (denoted SAz-1, SWy-2, ST, SWa-1 and JP). It 
was found that the total conversions were between 60 and 80% in order of activity, JP = SAz- 
1 < SWa-1 < ST = SWy-2. The results obtained by Watson194 were used to evaluate the 
isomerisation of a-pinene in similar clays with a significantly smaller amount of TMA+ (1 
CEC) and in simultaneous competition with protons in aqueous solution.
Rhodes and Brown165 tested the catalytic ability of a-pinene at 80 °C over extensively 
leached clays, which were essentially hydrophobic silica. The catalysts were activated under 
N2 at 150 °C for 1 h prior to reaction. They observed that acid-treated clays (subsequently 
exchanged with Al3+ ions) showed only slightly higher activities than the unexchanged acid-
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activated clays and that the conversion of a-pinene reached a maximum of 40% yield on
clays acid treated for four hours. The activity was reduced with more severe acid treatments.
The results found in this work have shown that the total conversions were between 50 and 
90% for catalysts derived from STx-1, SWy-2 and Sap-Ca (excluding SAz-1 samples). These 
conversions are considerably higher than those reported for extensively acid leached Texas 
bentonite,165 however the same conclusion pointed out by Rhodes and Brown165 that the 
catalytic activity was at a maximum after extensive acid treatment, was observed herein, 
especially for acid-activated Sap-Ca samples.
The catalytic activities are similar to the values reported by De Stefanis, et al.,167 and 
Watson,194 even when a higher reaction temperature was used (120 °C for 1 h). However, a 
maximum conversion of 52% was observed herein when the isomerisation of a-pinene was 
carried out at 80 °C for 2 h (Figure 21). This result was lower if compared with that obtained 
by Watson194 under the same experimental conditions. A possible explanation of this 
discrepancy would be that the materials prepared herein have a higher TMA+ content than 
those prepared by Watson,194 therefore a reduction in the catalytic activity is presumed at a 
lower temperature reaction due to less available space.
4.2.2 Product Distribution
As anticipated, the product distribution of terpenes (Figure 38) followed the order camphene 
> limonene > others, with the exception of the SW-TMA/H clays, where the yield of other 
products is higher than that of limonene. The selectivity towards camphene, limonene, and 
the minor products was essentially the same for all the clays and can be broadly described as
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Figure 38. Product distribution for the catalysts derived from (a) SWy-2 and (b) STx-1.
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Sap-Ca
Figure 38. Continued. Product distribution for the catalysts derived from (c) SAz-1 and 
(d) Sap-Ca.
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65±10%, 25±8% and 12±8%, respectively, to encompass all the catalysts. The ratio of
camphene to limonene is near 2.6:1.0 compared with a value of 2.2:1.0 obtained at 80 °C for
2 h194 and less than the ratio 3.0:1.0 obtained over USY, Al-PILC and Al,Fe-PILC.167 Thus,
the clay based samples are not as selective towards camphene as the permanently porous
catalysts. Nevertheless, the yields are competitive and the catalysts are more economic to
produce.
Comparing the results obtained from SW-TMPA/H samples (Figure 39) with those from SW- 
TMA/H for the isomerisation of a-pinene, it is evident that the total conversions for the 
former are relatively lower that the latter, within 40-50% less at lower acid-activation 
treatment (12-48 mmol FT*). However, as the severity of the acid activation increased, the 
activity for SW-TMPA rises, but the conversions are still lower in comparison with SW- 
TMA/H samples (10-20%). This reduction in activity, in samples treated at low acid 
concentration, could be attributed to the significantly higher TMPA+ content, which, as 
mentioned before, showed more resistant to displacement by protons than did TMA+. 
Additionally, the phenyl ring may cause steric hindrance to the reactant molecule and limit 
access to the interlamellar space.
In SW-TMPA samples treated at more severe acid conditions (96 and 120 mmol H), a 
fraction of the organocation is removed (see Table 11). Additionally, these samples present 
an expanded layer even at high temperature (13.1 A  at 300 °C, see Table 12). At the reaction 
temperature (120 °C) the d-spacing was 14.2 A  for SW-TMPA/120H. This may suggest that 
SW-TMPAH samples treated at higher acid conditions have propped some galleries apart and 
the a-pinene thus can access the interlamellar space where a substantial amount of acid sites
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are found. This behaviour can also explain the enhancement in catalytic activity of SW-
TMA/H samples. In the latter case the TMA+ content was not so high because it showed less
resistance than TMPA+ to displacement by protons, therefore all samples present an
expanded interlayer space where a-pinene isomerisation is tailored.
SW-TMA/H
c 80©e• mia■8
§ 60
T3©
03
§ 40
CZ5 i .©>coW 20
73
-  SW-TMPA/H
©H
mmol H+
Figure 39. Showing the total conversion of a-pinene over catalysts derived from SW- 
TMPA/H and SW-TMA/H.
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The studies carried out by Breen, el al.,24,25 were addressed to evaluate how the nature of the
selected organocations influenced the catalytic activity of a particular series of AAOCs and
this unequivocally demonstrated that clays containing TMA+ cations were much more
effective than those containing alkyltrimethylammonium cations or polycations. This
difference in catalytic activity was attributed to congestion of the galleries in clays containing
significant quantities of large organocations and, in the case of polycations, an inability of the
organoclay complex to expand in the presence of the organic reagent. The work of Watson194
suggested that there was a correlation between the amount of TMA+ on the AAOCs and the
resulting catalytic activity but there was no comparative data with catalysts prepared using
the same amount of acid in the absence of TMA+ cations. Figure 40 suggests that the total
conversion (based on a-pinene) was optimised when 25-30% of the exchange sites of SWy-2
and STx-1 were occupied by TMA+ cations.
The higher loading of TMA+-cations on the surface may influence the yield over SAz-1. The 
TMA+ cations on SAz-1 were much more resistant to displacement by protons than TMA+ on 
the other clays under investigation. Moreover, it has been suggested that the high charge 
density on the surface of SAz-1 means that the distance between neighbouring TMA+ cations 
is insufficient to accommodate benzene, toluene and xylene molecules, thus reducing the 
ability of TMA+-SAz-l to function as an effective sorbent for the removal of these pollutant 
molecules from water.11,17,142 Therefore, the low activity of the SA-TMA/H samples may be 
attributed, in part, to insufficient space to accommodate the a-pinene molecules at the active 
site because TMA+ cations are in close proximity (Figure 41a).
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Figure 40. Correlation of the percentage of TMA+ vs percentage of total conversion of 
a-pinene for acid-treated organoclays (♦ ) SWy-2, (■) STx-1, (A) SAz-1 and ( • )  Sap- 
Ca.
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Figure 41. Schematic representations of the possible distribution of TMA+ cations and 
H+ in (a) high charge montmorillonite (SAz-1) and in (b) low charge (SWy-2) 
montmorillonite.
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Both SWy-2 and STx-1 have the same CECs, but the former has a homogeneous charge
distribution whilst in STx-1 it is heterogeneously distributed206 and one would expect STx-1
to behave more like SAz-1. However, they worked in a discordant manner in this study.'In
these two low charge clays, TMA+ cations are further apart (Figure 41b) so that the access for
the reactant molecules to the interlamellar space and the interaction with protons is more
favoured than that in a high charge clay, in addition to the expanded layers, mentioned above.
Feldkamp and Stauffer207,208 reported an equation which corroborated that adsorption of polar 
compounds would be enhanced as the charge density of the layer increased. This assumption 
can be used to forecast that the isomerisation of a-pinene (non-polar medium reaction) over 
SAz-1 samples may not work as well as that of SWy-2 and STx-1, which have a lower 
charge density and therefore the non-polar reaction is developed. Currently, there is no 
complete explanation for the marked activity of STx-1, although a dispersion of STx-1 has a 
pH of 7 compared with SWy-2, which has a pH of 9. This may imply that the edge sites on 
STx-1 are inherently more acidic than those on SWy-2.
SCa-H samples were much more catalytically active than their TMA+-containing 
counterparts. Hence, the reduction in overall yield over the SCa-TMA/H samples probably 
reflects an extensively leached saponite surface, which has TMA+ cations occupying 
exchange sites that would be more effective in the isomerisation process if they were 
occupied by protons.
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4.3 Summary of Catalysis Investigation
This investigation has demonstrated that the catalytic ability of acid-activated organoclays 
provided reasonable levels of activity, hydrophobicity and swelling ability for use with non­
polar reagents.
The nature of the raw clay plays an important role in the resulting catalytic properties of the 
AAOCs. The behaviour of SWy-2 closely mimics that previously observed in an 
investigation using a Slovak montmorillonite, a Czech beidellite and a ferruginous smectite 
insofar as an apparent synergy between an organophilic surface and protons significantly 
enhanced the activity of the AAOC for a reaction involving a non-polar substrate.
The results, obtained in this work, demonstrated that the metal ions released from the 
octahedral sheet indicated that Sap-Ca was extensively leached when high hydrochloric acid 
concentrations were used, resulting in a destruction of the lamellar structure. Therefore, 
samples based on Sap-Ca must remain outside the present discussion because the 
depopulation of the octahedral sheet is more like clays rich in octahedral aluminium, that 
have been activated in hot acid.165 Nonetheless, it serves as an appropriate marker and 
emphasises that similar activity can be imparted to SW-TMA/H samples without the 
production of large quantities of acidic Al3+ or Mg2+ containing solutions. The behaviour of 
SAz-1 and STx-1 are more difficult to explain since these samples behave incongruously. 
Mildly acid-activated STx-1 is an excellent catalyst for the isomerisation of a-pinene and its 
activity is only marginally enhanced via the incorporation of TMA+ cations, although the 
dependence of total conversion on TMA+ content closely follows that for SWy-2 (Figure 40).
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The major products of the isomerisation of a-pinene were camphene and limonene,
indicating that the reaction proceeded via a ring expansion to derivatives of bomane and ring
opening to derivatives of p-menthane. The selectivity was: camphene > limonene > other. '
The catalytic activity for the isomerisation of a-pinene was excellent for organoclays formed 
from STx-1, SWy-2 and Sap-Ca and low for SAz-1. The activity of SAz-1 is significantly 
reduced by the incorporation of TMA+ cations, as it was by the incorporation of 
polycations.24 One possible explanation for this behaviour is that the gallery surface 
accessible to a-pinene in the presence of TMA+ cations is insufficient to allow access to the 
catalytic sites. The activity of the more active AAOCs organoclay was optimised when 25- 
30% of the exchange sites were occupied by TMA+ ions. The AAOCs prepared demonstrated 
to be very efficient catalysts with total conversions comparable to those achieved by PILCs, 
zeolites and AACs as reported in the literature.
In this study it was demonstrated that the activity (based on a-pinene isomerisation) strongly 
depends on layer charge. The poorest catalytic activity was observed in SAz-1 samples, 
which display the highest layer charge. In clays with low layer charge (SWy-2 and STx-1) 
the maximum conversions were obtained.
Finally, the catalytic activity of acid-activated organoclays can be carefully optimised for 
specific reactions. Changes in the surface area, the cation exchange capacity, the nature of the 
exchangeable cation, the organocation loading and the charge density influence activity in 
different ways.
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5.0 Introduction
As demonstrated in the previous chapter, one of the selected source clays (Sap-Ca), in which 
the octahedral sheet is composed almost entirely of magnesium, was extensively leached 
even when using mild acid activation conditions. Therefore, it was not possible to compare 
its catalytic activity directly with that of the other three acid-activated organoclays (AAOCs) 
nor to distinguish between the influence of substantial depletion of the octahedral sheet 
(which leads to a hydrophilic surface in clays with high tetrahedral Al content) and the 
contribution of the TMA+ cations. Moreover, it is well known that even mildly acid-activated 
clays can undergo autotransformation, in which the interlamellar protons enter the layer and 
replace Mg2+’ Fe3+ and Al3+ cations from the octahedral sheet.28,94,209 Once released these 
multivalent ions take up exchange positions within the gallery and may contribute to the 
observed catalytic activity. Autotransformation is known to be accelerated at elevated 
temperatures or in wet and warm environments and could thus have occurred during thermal 
activation of the catalysts prepared using H+/TMA+.
It is well established that the properties of clays can be altered by displacing the 
exchangeable cations (e.g., Na+, K+, Ca2+), which are strongly hydrated in the presence of 
water, with high polarising species such as aluminium, chromium, iron or polymeric 
oxyhydroxy cations.19'23 Indeed, the enhanced catalytic activity of Al3+- compared to Fe3+- 
and Cr3+-exchanged montmorillonites has been attributed to the greater polarisation of water
i i a<j « f\Amolecules in the primary coordination sphere of the Al cations ’ ’ which results in the 
generation of acidic protons in the interlayer gallery. Under these conditions, the ion 
exchange does not affect considerably the octahedral sheet of a magnesium rich clay such as 
Sap-Ca.
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The ion exchange treatment can be combined with alkylammonium ion exchange to produce
effective ion-activated organoclays which possess both acidity and expanded layers when
presented to organic molecules.
Therefore, in this chapter attention was initially focused on the combination of Al3+ and 
TMA+ cations on the exchange sites in order to compare all four clays directly without 
depleting the octahedral sheet and to evaluate whether the A13+/TMA+ exchange mimics 
autotransformation in the ffVTMA+ clays and contributes to an enhanced activity. The 
catalytic activity of aluminium-activated organoclays (AlAOCs) is compared with samples 
prepared in the absence of TMA+, denoted as aluminium-activated clays (AlACs). Secondly, 
to compare the catalytic activity (based on the isomerisation of a-pinene) of one of the 
source aluminium-activated organoclays (SW-A1/TMA) with AlAOCs prepared using 
divalent organocations of different shapes [l,4-diazabiclyclo[2.2.2]octane, (DABCO) and 
1,5-diaminopentane, (DAP)].
Finally, the test reaction was applied to montmorillonites saturated with various cations (ion- 
exchanged clays, IECs), using different exchanging procedures, to study the effect of a range 
of interlayer cations on the catalytic activity.
The catalytic activity of the AlACs, AlAOCs and IECs is correlated with the acidity values 
determined using the desorption of cyclohexylamine.
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5.1 Aluminium-Activated Clays (AlACs) and Aluminium-Activated 
OrganoClays (AlAOCs)
5.1.1 Samples’ Identification
AlACs and AlAOCs were prepare by combining selected volumes of 1 M TMA+ solution 
and 0.1 M Al3+ in different ratios to satisfy 1 CEC of the studied clays (STx-1, SWy-2, SAz- 
1 and Sap-Ca). AlACs were made in exactly the same way except that the TMA+ was 
excluded (section 3.2.2). The preparation procedure is identified in the sample name, for 
example: SW-A190 means that SWy-2 was treated with 90% Al3+ of original CEC and SCa- 
A120/TMA80 indicates that Sap-Ca clay was prepared using 20% CEC of Al3+ and 80% CEC 
ofTMA+.
5.1.2 Chemical Analysis
The amount of resident exchange cation (expressed as a percentage of metal oxide released) 
as a function of the amount of Al3+ and/or TMA+ in the initial exchange solution is shown in 
Figures 42 and 43 for SAz-1 and STx-1 samples. Catalysts derived from Sap-Ca and SWy-2 
showed a similar trend (not illustrated). A complete displacement of the exchangeable Na+ 
and Mg2+ by Al3+ or protons (from the acidic aluminium solution, pH = 2.8) was observed for 
all four clays when Al3+ > 70% CEC. However, samples containing Ca2+ showed more 
resistance and Ca2+ was only completely removed when samples were treated with Al3+ = 
100% (Figures 42a and 43a). In contrast, the removal of the resident exchange cations was 
essentially constant for all four clays regardless of the A13+/TMA+ ratio, because the 
A13+/TMA+ content always equalled at least 100% CEC (Figures 42b and 43b) which was 
sufficient to displace the resident ions. Nonetheless, even though all the resident exchange 
cations were released it was not possible to achieve 100% CEC of Al3+ on the exchange sites
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Figure 42. Percentage of metal oxide released during treatment of SAz-1 clay (a) AlACs 
and (b) AlAOCs. (A) CaO, (■) MgO and (♦) NazO.
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Figure 43. Percentage of metal oxide released during treatment of STx-1 clay (a) AlACs 
and (b) AlAOCs. (A) CaO, (■) MgO and (♦) Na20 .
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which suggests that some exchange sites were satisfied by the protons available in the
exchange solution.
In all four A1AC series, the amount of Al3+ occupying the exchange sites correlated well with 
the amount offered in the 10-50% CEC region, but not so well in the >60% region. This was 
expected due to the anticipated incorporation of protons from the increasingly acidic Al3+- 
exchange solution. In general, the aluminium content in AlACs clays followed the order: 
SWy-2 > Sap-Ca > SAz-1 > STx-1.
The presence of TMA+ cations did not significantly influence the uptake of aluminium, but it 
did appear to reduce the number of protons on exchange sites which agrees with the 
observations shown in Chapter 4, regarding the ability of TMA+ cations to compete 
effectively with H* ions for exchange sites.
5.1.3 Catalytic Activity as a Function of the Aluminium Content
Figure 44 shows how the total conversion (based on a-pinene) varied with the aluminium 
content (expressed as % CEC) in AlACs and AlAOCs. The maximum yields obtained are 
very similar to those observed using H*- and H+/TMA+-exchanged clays (see previous 
chapter, section 4.2.1) and are directly comparable with the conversion of a-pinene values of 
80% and 90% reported for zeolite Y (USY), Al- and Al,Fe-pillared clays and Pt/Al2C>3 
catalysts.167,175,210,211 Clearly, the type of clay used exerted a considerable effect on the total 
conversion obtained using this test reaction. In either the absence or presence of TMA+ both 
Sap-Ca and STx-1 were more efficient catalysts for the process than SWy-2 and SAz-1. In all 
cases the presence of Al3+ resulted in improved catalytic activity.
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As little as 20% CEC of Al3+ resulted in a threefold increase in the activity compared to
unmodified Sap-Ca and STx-1, where the activity then increased steadily to 70% CEC.
The increase in activity of SW-A1 samples was less marked and SAz-1 achieved little more 
than 20% conversion at the highest Al3+ content. These observations concur with those of 
Purnell, et al.,62 who observed a similar diminution in catalytic activity towards the 
esterification of ethanoic acid by hexene and the dehydration of pentanol as the loading of 
Al3+ increased above 70% CEC. Thus, it is clear that small amounts of interlayer Al3+ derived 
from autotransformation during thermal activation at 120 °C would make a significant 
contribution to the total conversion of a-pinene.
5.1.4 Product Distribution
In general the distribution of products which make up the total conversion (Figure 45) 
followed the order camphene > limonene > others, except for catalysts derived from STx-1 
with high Al3+ contents (ST-A160 to ST-A1100 and ST-A170/TMA30 to ST-A180/TMA20) 
where the yield of other products exceeded that of limonene. The selectivity towards 
camphene, limonene and the minor products was very similar for all the clays and can be 
broadly represented as 57±7%, 26±5% and 16±7% to encompass all the catalysts. These 
values are very similar to those of 65±10%, 25±8% and 12±8% obtained over H4- and 
H7TMA+ clays (see section 4.2.2). The ratio of camphene to limonene is near 2.2:1.0 which 
is identical to the value obtained at 80 °C for 2 h,25 but marginally lower than the values of 
2.6:1.0 obtained using H*/TMA+-clays and 3.0:1.0 obtained over USY, Al-PILC and Al,Fe- 
PILC.167
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Figure 45. Product distribution for the catalysts derived from (a) Sap-Ca and (b) STx-1.
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Figure 45. Continued. Product distribution for the catalysts derived from (c) SWy-2 and 
(d) SAz-1.
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These clay catalysts are not as selective towards camphene as the permanently porous 
catalysts. However, the yields are extremely competitive and the catalysts are less expensive 
to prepare.
In contrast to the behaviour of H7TMA+ clays25 where the presence of TMA+at intermediate 
loading enhanced the activity, even when conversions were low (SAz-1), the AlAOCs gave 
lower conversions than their A1AC counterparts with low Al3+ content (10-40% CEC). 
However, the values were similar at Al3+ contents > 50% CEC when the amount of TMA+ 
present began to decrease significantly. Clearly, all samples gave poor correlation with 
TMA+ loading.
The reduced conversion of a-pinene to its isomers in AlAOCs suggested a significant 
reduction in the number of acid centres available, perhaps because of displacement of protons 
by TMA+ cations which are known to compete effectively with protons for exchange sites. 
When the A1:TMA ratio increased from 0.42 to 9.0, the percentage conversion of a-pinene 
increased and reached a maximum when this ratio was 2.3 and then remained constant at 
higher A1:TMA ratios.
5.1.5 Desorption of Cyclohexylamine
It is well known that ion exchange with polyvalent cations increases the acidity of the 
interlayer water in montmorillonites due to the hydrolysis of the cation solvating water 
molecules.67 The release of these protons within the interlamellar region is generally 
accepted as the major source of the Bronsted acidity in these minerals.
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In order to understand how the acidity of AlACs and AlAOCs correlated with the catalytic 
activity, samples were exposed to cyclohexylamine vapour at room temperature (as described 
in section 3.10). The acid sites measured by this method are those that are accessible and 
strong enough to interact with the base. In computing the values, it is assumed that each
o rmolecule of base interacts with one protonic (Bronsted) acid site. Figure 46a presents the 
characteristic derivative thermogram for a Ca2+/Na+-SWy-2 before treatment with 
cyclohexylamine vapour. As mentioned in the previous chapter, the maxima, at 90 °C and 
690 °C, corresponds to the removal of physisorbed water and the dehydroxylation of the clay 
layer.83,85,212 The desorption of cyclohexylamine from samples with different aluminium 
contents (Figures 46b-f) showed that, in addition to the peaks mentioned above, three 
maxima at 140, 310 and 620 °C were also clearly distinguished. These peaks, as described in 
Chapter 4, have been attributed to (1) the desorption of physisorbed cyclohexylamine 
combined with water, (2) the desorption of cyclohexylamine from acid sites (chemisorbed 
cyclohexylamine) and (3) the desorption of water and CO2 arising from a combination of 
layer dehydroxylation and oxidation of carbonaceous deposits derived from 
cyclohexylamine.83,85
Figures 46b-f, show that the maximum at 310 °C increased with aluminium content, whilst 
that at 140 °C decreased slightly. These data confirmed that sites with sufficient acid strength 
interact with cyclohexylamine were present in the AlACs.
The derivative thermograms for the desorption of cyclohexylamine from SW-A1/TMA 
samples (Figures 47a-e), contained the maxima described above together with those arising 
from the desorption of TMA+ at 410 °C, which diminished as the A1:TMA ratio increased.
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Figure 46. Derivative thermograms for (a) untreated SWy-2 and the desorption of 
cyclohexylamine from (b) SW-A110, (c) SW-AI30, (d) SW-A150, (e) SW-AI70 and (0 
SW-AI90.
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Figure 47. Derivative thermograms of cyclohexylamine from (a) SW-AU0/TMA90, (b) 
SW-A130/TMA70, (c) SW-AI50/TMA50, (d) SW-A170/TMA30 and (e) SW-
AI90/TMA10.
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ICP-AES results demonstrated that the amount of aluminium incorporated into both the
AlACs and AlAOCs was very similar. However, the 310 °C maxima increased significantly
at aluminium contents above 70% CEC, but were still at a lower intensity than the
corresponding maxima in samples prepared without TMA+ (Figure 46). These results may
suggest that TMA+ cations, even at low loadings (<30% CEC), are able to displace protons
with the concomitant drop of the acidity, reflected in the lower intensity peak at 310 °C in
AlAOCs compared with that of AlACs. The weight loss associated with the 310 °C
maximum increased as the TMA+ loading decreased and the Al3+ loading increased.
For all four clays, this weight loss was much less for the samples prepared using an A1:TMA 
ratio < 1 than for the corresponding AlACs. Thereafter, as the A1:TMA ratio increased, this 
weight loss increased to a maximum. The weight loss decreased as SAz-1 > STx-1 > SWy-2 
= Sap-Ca.
For Sap-Ca AlACs and AlAOCs there was a reasonable correlation between this weight loss 
and the conversion of a-pinene. This was also true for STx-1 and SWy-2 and agrees with 
reports that the catalytic activity for the pentanol dehydration was proportional to the acidity 
(measured using the desorption of cyclohexylamine) of pillared acid-activated clays133 and 
aluminium pillared clays.213 However, this correlation was not reflected in the percentage of 
the a-pinene converted, especially for the SAz-1 series. Undoubtedly, SAz-1 is a poor 
catalyst for the isomerisation of a-pinene, whether in acid-activated clays (AACs) or acid- 
activated organoclays (AAOCs) and AlACs or AlAOCs, although the latter are marginally 
more active than the former.
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A similar discrepancy between acidity values (determined using the desorption of 
cyclohexylamine) and the production of tetrahydropyranyl ether from 2,3-dihydropyran and 
methanol was observed for acid activated samples of SAz-1 and a Slovak montmorillonite 
(JP)." Both SAz-1 and JP were acid-activated with 400 cm3 of 6 M HC1 at 95 °C for periods 
of 30, 300 and 900 min. A fraction of the prepared samples was exchanged with 1 M CaCh 
to displace protons in the interlamellar space. The acidities found in the acid-treated clays 
were identical to the acidities determined for the corresponding Ca-exchanged samples. 
Nonetheless, the Ca-exchanged samples were ineffective catalysts for the formation of 
tetrahydropyranyl ether, which requires Bronsted acid sites. This behaviour was attributed to 
the strong basicity of cyclohexylamine (pKb = 3.3) which enables it to interact with both 
weak acid sites, as in the Ca-form, and strong Bronsted acid sites, as in acid-treated clays. 
Therefore, the high apparent acidity noted herein for SAz-1, in comparison with the other 
three clays (Table 13), is attributed to the combined interaction of cyclohexylamine with the 
catalytically active Al3+-ions and the catalytically inactive Ca2+ ions which are progressively 
displaced by Al3+-ions. Both Al- and Ca-montmorillonites are able to interact with strong and 
weak bases immediately upon exposure in either liquid or vapour phase.85,201,214
As can be seen in Table 13, it is evident that the presence of TMA+ causes a dramatic
3*Preduction in the number of acid centres (50% in samples in the range of 10-50% Al ) 
available for reaction with cyclohexylamine. Therefore, this observation supports the 
assumption that TMA+ displaces protons with the subsequent reduction in the catalytic 
activity or that the weight loss in AlAOCs is not a good marker of the acidity.
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Sap-Ca STx-1 SWy-2 SAz-1
Al-10 0.21 0.35 0.23 0.48
Al-20 0.23 0.36 0.23 0.49
Al-30 0.26 0.38 0.23 0.54
AMO 0.27 0.38 0.28 0.55
Al-50 0.28 0.40 0.28 0.57
Al-60 0.32 0.41 0.29 0.58
Al-70 0.32 0.41 0.30 0.60
Al-80 0.32 0.42 0.32 0.61
Al-90 0.33 0.44 0.34 0.64
Al-100 0.34 0.47 0.36 0.67
A1107TMA90 0.11 0.13 0.12 0.22
A120/TMA80 0.12 0.15 0.13 0.24
A130/TMA70 0.13 0.18 0.14 0.27
A140/TMA60 0.16 0.22 0.14 0.29
A150/TMA50 0.17 0.25 0.15 0.31
A160/TMA40 0.25 0.28 0.21 0.37
A170/TMA30 0.27 0.31 0.21 0.43
A180/TMA20 0.28 0.36 0.25 0.51
A190/TMA10 0.31 0.42 0.31 0.63
Table 13. Acidity values (mmol HVg clay) for AlACs and AlAOCs.
In the previous chapter, the principal objective was to determine how the presence of TMA+ 
influenced the catalytic activity of a series of acid activated organoclays. It was demonstrated
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that SWy-2 and STx-1 were more effective for a-pinene isomerisation when they contained
25-30% TMA+ cations on the exchange sites than those prepared without TMA+ whereas 
acid treated samples derived from Sap-Ca and SAz-1 were more active than their TMA+- 
containing counterparts. This increased activity for Sap-Ca was attributed to the extensive 
depopulation of the magnesium rich octahedral sheet of saponite using these relatively mild 
acid treatments. The poor yield over SA-TMA/H was ascribed to reduced access to the active 
surface because of the inability of S A-TMA to disperse in a-pinene or because a-pinene can 
not get into the interlayer. However, AAOCs containing TMA+ cations were more effective 
than AAOCs containing polycations24 or alkyltrimethylammonium ions.25 This behaviour 
was attributed to the congestion of the clay galleries at high loading of large organocations or 
polycations so that the activity decreased.24,25
In this section, it has been demonstrated that the AlACs were more active for a-pinene 
conversion than the corresponding AlAOCs at low aluminium contents, although they were 
similar when Al3+ was the predominant exchange ion. Figure 48 shows clearly that increasing 
the TMA+ content above 20-30% catastrophically affected the isomerisation process. Indeed, 
SAz-1 was even more sensitive to the TMA+ content which is in accord with the results for 
both SA-TMA/H and SA-polycation/H.24 Al3+ exchange of Sap-Ca and STx-1 produced very 
effective catalysts equal in activity to SW-TMA/H which was the most effective H*/TMA+- 
based catalyst, as was demonstrated in Chapter 4.
5.1.6 Gas Chromatography - Mass Spectrometry
The main products from isomerisation of a-pinene are camphene and tricyclene when the
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Figure 48. Total conversion of a-pinene vs TMA+ content in AlAOCs. (O) Sap-Ca, (□) 
STx-1, (O) SWy-2 and (A ) SAz-1.
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reaction is carried out over bentonite treated with 10% HC1.215 These results guided De
Stefanis, et al.,167 to propose that the absence of tricyclene in the products derived from USY
and PILCs indicated that the reactions were taking place within the pore network. Tricyclene
was not found in the mixture of products derived from the AlACs or AlAOCs (Figure 49)
which implies that the reaction takes place in the clay gallery. Certainly, the catalytic activity
is significantly reduced when the interlayer is made inaccessible due to the presence of large
quantities of organocations or poly cation.24,25
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Figure 49. GC-MS chromatogram of the reaction products of a-pinene over SCa-A120.
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5.1.7 VT-XRD
VT-XRD of selected AlACs and AlAOCs were exposed to a-pinene vapour. The results, 
showing the d-spacing (in A), are illustrated in Table 14.
RT 100 °C 150 °C 200 °C 300 °C
ST-A1100 14.0 13.5 13.5 13.0 12.8
ST-Al 10/TMA90 14.3 13.8 13.4 12.7 12.5
Table 14. Showing the basal spacing for selected AIAC and A1AOC exposed to a-  
pinene.
As can be seen from Table 14, the d-spacing in the A1AOC is dominated by the presence of 
the organocation and is essentially maintained at temperatures up to 300 °C. Surprisingly, the 
AIAC also keeps the layers expanded in the same temperature range. It is worth noticing that 
the thermal stability of the basal spacing is much higher than the temperature at which the 
reaction is carried out (120 °C). This observation clearly indicates that the AlACs have 
expanded layers allowing the reactant molecules to get into the interlamellar region and reach 
the acid centres, as for AAOCs with low TMA+ loadings (20-30% CEC). This conclusion 
explains the similarity in catalytic activity showed by AlAOCs and AlACs at higher 
aluminium contents >70%. Additionally, in contrast, the AACs are likely to be largely 
collapsed after activation at 120 °C. Thus, it seems to appear that the 20-30% CEC of TMA+ 
on the exchange sites in the most active AAOCs (SWy-2, previous chapter) serves to prop 
some galleries apart and promote the accessibility of a-pinene to react with available protons.
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Both AAOCs and AlAOCs with high TMA+ loadings possess a high population of the 
organocation in the interlamellar spacing and limit the ingress of a-pinene. Additionally, in 
AlAOCs, TMA+ cations displace protons and decrease the possibilities for reaction, as has 
been demonstrated herein.
5.1.8 Reduced Charge Montmorillonite (RCM)
As demonstrated in Chapter 4 and herein, the poorest catalysts for the isomerisation of a - 
pinene have been those derived from the SAz-1 source clay. The reasons for this abnormal 
behaviour have been explained in terms of (i) its highest TMA+ content in either AAOCs or 
AlAOCs, (ii) the significant amount of Ca+ that is not easily displaced by Al3+ in AlACs and 
(iii) the highest layer charge and suspected inability to expand the layers in AACs.
In an attempt to reduce the charge density and to diminish the incorporation of TMA+ 
cations, Na-SAz-1 samples were exchanged first with lithium in different percentages, heated 
at 250 °C for 15 h and finally Al3+-exchanged (see section 3.2.3). Figure 50 illustrates the 
total conversion of a-pinene as a function of the amount of Al3+ offered (assuming no charge 
reduction).
As can be seen from Figure 50, the charge reduction in Na-SAz-1 caused a significant 
improvement in the catalytic activity in all cases, if compared with SAz-1 samples prepared 
by simple aluminium exchange. The highest conversion is observed when SAz-1 is charge 
reduced by 50% of original CEC (sample denoted as RCM50). The catalysts become 
progressively much more active as the aluminium offered increased. RCM50 reached a level 
of catalytic activity similar to that shown by its SW-A1100 analogue (67% conversion).
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Figure 50. Total conversion of a-pinene vs AI3+ content in reduced charge SAz-1.
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Both RCM30 and RCM70 presented a lower catalytic activity than for RCM50. These
differences can be explained in terms of the extent of the charge reduction process. As the
charge reduction proceeds, all the layers retain some exchangeable cations until about half
the original charge is reached at which point collapsed layers begin to appear 216 This is the
case with the RCM70 samples.
Boyd and Jaynes142 demonstrated that Li+ charge reduction in SAz-1 followed by exchange 
with tdmethylphenylammonium (TMPA+) ions improved the adsorption of benzene, 
alkylbenzene and naphthalene. They prepared charge reduced SAz-1 samples in different 
percentages: RCM30, RCM60, RCM80 and RCM100, and noticed that the nitrogen surface 
areas increased and the TMPA+ content decreased steadily as the layer charge decreased. The 
order in the surface area found was: RCM60 > RCM80 > RCM30 > RCM100. These 
findings can be used to further support the data shown in Figure 50. Consequently, in the 
RCM50 samples the nitrogen surface area might be at a maximum, in this case the ability of 
aluminium to prop the layer apart is the maximum. In RCM30 there could be an 
enhancement in the surface area, but not enough acid sites to achieve the maximum 
conversion, and finally RCM70 could present less aluminium in the interlamellar space that 
does not optimise the expandability of the layers and therefore a fall in the catalytic activity 
was anticipated (Figure 51).
Williams, et al.,211 found that Li+-exchanged montmorillonite was able to catalyse the 
production of dicyclohexylamine from cyclohexylamine in the temperature range 185-250 °C 
at various times (0-25 h). They interpreted their results on the basis of a sequence of events, 
the first being the thermally induced migration of Li+ into the octahedral layer,51,59 the second
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Figure 51. Showing the total conversion of a-pinene vs the extent of charge reduction 
for the most active RCMs (100% AI3+).
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the interaction of Li+ with the available -OH group and finally the extraction of H* by 
cyclohexylamine into the interlamellar space. However, thermal activated Li+-reduced 
samples (without Al3+) prepared in this study were, in general, inactive towards the 
isomerisation of a-pinene, under the experimental conditions utilised. The explanation for 
this is that the cyclohexylamine is strong enough to subtract protons, whereas a-pinene is 
very weak in that regard.
In conclusion, a correlation of catalytic activity with layer charge does exist, especially when 
samples are exchanged with an active ion. The charge reduction treatment turns a high charge 
montmorillonite (SAz-1) into a low charge clay making it similar to SWy-2 or STx-1 clays 
where the hydrated aluminium incorporated in the interlayer region is able to expand the 
layers and facilitate the ingress of a-pinene, favouring the catalytic process.
5.2 Effect of the Shape and Valence of the Organocations.
In this study the dependence of the catalytic activities of AlAOCs on the shape and valence 
of the organocation [e.g., l,4-diazabicyclo[2.2.2]octane (DABCO) and 1,5-diamimopentane 
(DAP)] is investigated. DABCOH22+ is thought to be a suitable organocation because it is a 
bulky molecule, which orientates parallel to the interlamellar space, whilst DAPH22+ cation 
(linear organocation) will be accommodated in the horizontal position. Both divalent 
organocations should occupy less of the interlamellar space than their equivalent monovalent 
ones (e.g., TMA+). Additionally, DABCOH22+ and DAPH22+, with two positive ends, could 
exercise a tie effect between each pair of negatively charged tetrahedral sheets. This has 
proven to reduce the activity of polycation-treated clays.24
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In this section the thermal stability, acidity and catalytic activity of SWy-2 clay prepared by 
mixing DABCOH22+ or DAPH22+ with aluminium in different ratios is studied. The results 
obtained with these series of AlAOCs are compared with those of AlAOCs derived from 
A13+/TMA+. The sample designation is identical to that given for A13+/TMA+ samples.
5.2.1 XRD
The spacings obtained for SWy-2 treated with Al3+ and TMA+, DAPH22+ or DABCOH22+ in 
different ratios, (as described in section 3.2.2) were uniform (Figure 52).
When SWy-2 was saturated with TMA+, a 13.6 A spacing was obtained, whilst those 
obtained for SW-A1/DAP and SW-A1/DABCO samples the spacings were 12.8 A and 14.6 A, 
respectively. The increment of aluminium content caused a slight reduction in the d-spacings, 
but in general the values were essentially the same. This indicates that the spacing between 
the adjacent silica layers of these alumino-organoclay complexes are apparently governed by 
the presence of the organocation. Differences in the XRD interlayer spacings among the 
AlAOCs is due to the different sizes of TMA+, DABCOH22+ and DAPH22+ cations.
These results indicate that (i) tetrahedral TMA+ cations are present in the interlamellar space 
from the mid point between the layers,142,218’219 (ii) DAPH22+ cations are oriented in the 
horizontal position on the basal surface of the silica lamellae220,221 and (iii) DABCOH22+ 
cations have the N-H groups imbedded in vertical orientation directly in contact with 
adjacent silicate layers.118,168 However, Slade, el al.,222 reported a d-spacing of 12.5 A for 
DABCO-Vermiculite, which is considerably less than that observed with montmorillonites 
by Shabtai, et a/.,118 Mortland and Berheiser168 and herein. Slade, et al 222 attributed this
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difference to the collapse of the interlayer structure due to the high vacuum conditions 
utilised, which decreases the water content and therefore a reduction in the d-spacing was 
expected. Additionally, they concluded that under those circumstances only organic 
fragments separated the silica layers.
5.2.2 Elemental Analysis
Table 15 lists the nitrogen content in SWy-2 clays 100% exchanged with TMA+, DAPH22+ 
and DABCOH22+. The results are compared with the calculated values for these 
organocations.
%N calc. %N found % Incorporated
SW-TMA 1.21 0.91 75
SW-DAP 1.21 0.99 81
SW-DABCO 1.21 1.19 98
Table 15. Showing % nitrogen and organocation incorporation in 100%-exchanged 
SWy-2.
As can be seen from a comparison of the results represented in Table 15, it is clear that the 
amount of the organocations incorporated follows the sequence: DABCOH22+ > DAPH22+ > 
TMA+. The reason for this dichotomy could be attributed to the presence of protons in 
DABCOH22+ and DAPH22+ solutions, which favour the displacement of the exchangeable 
cations and allow the access of these alkyldiammonium ions to the interlamellar space. This 
observation will be considered later to explain the apparent acidity and the catalytic activity 
shown by these catalysts.
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5.2.3 Thermal Stability
Figures 53a and 53b present the derivative thermograms for the desorption/decomposition of 
DAPH22+ and DABCOH22+ from samples prepared in different ratios of these organocations 
with Al3+. The regions corresponding to the loss of sorbed water and the dehydroxylation are 
clearly observed together with the desorption maxima for DAPH22+ and DABCOH22+ centred 
at 340 °C and 300 °C, respectively. It was shown that the maximum desorption/breakdown of 
TMA+ occurred at 410 °C, which means that TMA+ is thermally more stable than the 
alkyldiammonium cations. The thermogravimetric analysis in nitrogen flow indicated 
negligible decomposition at < 150 °C.
It is worth mentioning that the maximum desorption of DABCOH22+ is higher than that of 
DAPH22+, supporting the results found by elemental analysis (Table 15).
Similarly, regarding the behaviour observed in A13+/TMA+ samples, a reduction in the
fy i # # o Idesorption maximum for DABCOH2 occurred upon increasing the Al content. 
Conversely, this effect was not reflected in SW-A1/DAP samples, in which the maximum 
remained essentially unchanged. An explanation in accord with these experimental data is 
that the DAPH22+ cations are more resistance to displacement by Al3+ than that for TMA+ and 
DABCOH22+.
Additionally, clays saturated with different shape cations of moderate size, those 
organocations taking the more closely spaced sites (DAPH22+), might therefore effectively fill 
the space between the tetrahedral sheets (Figure 54a), whilst those on the more widely spaced 
sites (DABCOH22+ and TMA+) might leave empty channels of greater width, large enough to
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accommodate organic molecules (Figure 54b).221 As a result, a low a-pinene conversion is
anticipated in SWy-2 samples derived from A13+/DAPH22+.
x
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‘n h 3 h ,n NH,
H Al H Al H Al H
\   7 12.9 A
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Figure 54. Schematic models showing (a) the arrangement of DAPH22+ and (b) 
DABCOH22+ in SWy-2.
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It is important to recall that the diprotonated forms of DAP and DABCO were obtained by 
mixing each organocation with concentrated HC1 to produce a final concentration solution of 
1 M DABCO in 2 M HC1 or 1 M DAP in 2 M HCI (DAPH22+ DABCOH224). Both divalent 
organocations are then able to neutralise two exchange sites. Given that a lateral (interpillar) 
distance is 2 2  A  for M2+ ions whilst for monovalent cations (e .g ., TMA+) the interpillar 
distance is 1 1  A  (Figure 55), these distances represent the average of calculated values.223
+ . I . +  
11A
+ + + + + + + +
22 A
— y2+ 2+ 2+ 2 +
Figure 55. Showing the interpillar distance between monovalent and divalent 
organocations.
5.2.4 Cyclohexylamine Interaction
The result of adsorption of cyclohexylamine vapour on SW-A1/DABCO and SW-A1/DAP 
samples is illustrated in Figure 56. The desorption thermograms for cyclohexylamine from 
SW-A1/DABCO (Fig. 56a) exhibited the same desorption maxima as those of SW-A1/TMA 
at 140, near 300, 600 and 720 °C, which were attributed to (i) the desorption of physisorbed 
cyclohexylamine with water, (ii) desorption of the base from acid sites, which overlapped 
the desorption maximum for DAPH22+ and/or DABCOH22+ and (iii) desorption of water and 
CO2 . The SW-A1/DAP samples give thermograms differing markedly from those of SW- 
Al/DABCO (Fig. 56b) in having an ‘extra’ maximum centred at 2 2 0  °C.
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The 220 °C maximum presents a higher intensity than that at 310 °C. Ballantine, et a/.,83
observed a similar peak in the region of 150-180 °C over Al3+-exchanged montmorillonites
saturated with cyclohexylamine for 4 and 6  h. Additionally, they noticed that the intensity of
this maximum decreased as the exposure time increased from 7-130 h. They supported their
observations with the findings of Farmer and Mortland who attributed this peak to another
chemisorbed species of cyclohexylamine coordinated either to an interlamellar cation224 or to
the proton of a cyclohexylammonium species via a hydrogen bond.225
One interesting feature is that the desorption region, observed herein, differs from that 
noticed by Ballantine, et al.,83 because it appears between 180-260 °C. It could be possible to 
propose that the SW-A1/DAP system resembles that of samples partially saturated with 
cyclohexylamine vapour (4-6 h). However, a plausible explanation for the appearance of this 
peak at 220 °C is still unclear, therefore the assumption given is merely speculative.
It should be pointed out that a direct determination of the acidity was unsuccessful because 
the intensity of the maximum at 310 °C remained invariant as the Al3+ content offered 
increased. The intensity of the maximum at 310 °C was higher for SW-A1/DABCO samples 
than that of SW-A1/DAP counterparts. The “apparent” acidity observed in both series of 
samples is probably governed by the presence of protons arising from different competition 
equilibria. These equilibria come from (1) water molecules polarised by aluminium, (2) 
dissociation of the diprotonated forms of DAPH22+ or DABCOH22+ and (3) free protons from 
the acidic solution that did not protonate the organocations and participated in the clay 
exchanging process (Figure 57).
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(1) Al(OH)63+ [Al(OH) (H20)5]2+ + H+
(2) DAPH22+ DAPH* + I f  DAP + 2 H+
(2) DABCOH22+ DABCOH+ + H+ y — DABCO + 2H*
(3) DAP or DABCO + hH+ DAPH22+ or DABCOH22+ + H+ (free)
Figure 57. Equilibria involved in the protonation of cyclohexylamine over SW-A1/DAP 
and/or SW-A1/DABCO samples.
5.2.5 a-Pinene Conversion
Figure 58 shows the total conversion over samples derived from SW-A1/DAP and SW- 
Al/DABCO, the conversion over SW-A1/TMA samples is also included to provide a 
comparison. Evidently, the type of organocation utilised showed a significant effect on the 
total conversion obtained using the isomerisation of a-pinene. The lowest catalytic activity is 
registered in SW-A1/DAP, suggesting, as anticipated, that the exchange with DAPFE2* 
cations results in a sterically restricted diffusion of pinene in the interlayer space of the 
catalyst and or no useful acidity.
The activity in SW-A1/DABCO samples is considerably higher than for SW-A1/DAP. This 
enhancement in activity can be ascribed to the greater openness in the interlamellar space for 
a-pinene to react, except for the internal surface fraction occupied by the immobilised 
DABCO ions. On the other hand, the vertical orientation of DABCOH22+ produces channels 
between the alkyldiammonium cations in the interlayer space, allowing access to reactant
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molecules, whereas in DAPH22+ there is a lack of height that may prevent the access of a -
pinene to the interlamellar space.
In all cases the increment of the aluminium content did not cause a significant improvement 
in the catalytic activity as in the A13+/TMA+ samples. The total conversion of the SW- 
DABCOIOO sample is very similar to those observed for SW-A125/DABC075 and SW- 
A150/DABC050. However, a slightly higher conversion was noted in SW-A175/DABC025. 
One could suppose that DAPH22+ cations are more effective in blocking the access to both 
Al3+ and protons than DABCOH22+ cations. This supposition is confirmed by the fact that in 
both systems the Al3+ and kT contents offered were the same for similar samples, even 
though the lowest activity was observed in the former.
As stated before the “apparent” activity of SW-A1/DAP and SW-A1/DABCO samples is 
given by the presence of protons coming from different equilibria. Thus, a direct comparison 
with A13+/TMA+ samples was not possible because in these samples the fraction of protons 
available arises only from the polarisation power of aluminium cation and, in all cases, the 
increment of Al3+content produced a substantial enhancement of the activity.
In summary, the understanding of both Al3+/DAPH22+ and Al3+/DABCOH22+ systems is very 
complex and requires an extensive investigation to elucidate the source of protons, from the 
different equilibria that contributes to the catalytic activity, especially for Al3+/DABCOH22+ 
samples, which behaved catalytically better than those of A13+/DAPH22+.
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In this section, it has been demonstrated that the shape of the organocation played an
important role in controlling the ability to catalyse the isomerisation of a-pinene. The best
catalysts were those derived from A13+/TMA+ exchanged clay and, in addition, the interpillar
distance between each cation is lower (11 A) than that of divalent organocations (22 A).223
One would have expected an enhanced activity in the latter system due to the larger
separation distance. However, this was not the factor that controlled the catalytic process and
it is believed that, more than the interpillar distance, the most determinant condition is given
by the size of the organocation.
5.3 Ion Exchanged Clays (IECs)
In this section, SWy-2, SAz-1 and Sap-Ca clays were exchanged with different cations (Al3+, 
Ca2+, Mg2+, Na+ and Ni2+) utilising various exchanging procedures: (i) using volumes of 0.1 
M solution of each cation to satisfy the CEC of the clays; (ii) preparing first the Na-form of 
each clay and then the ion-exchanged as (i); and (iii) the Na-clays were fully ion-exchanged, 
washing the clays three times with 0.5 M solution of each cation. Samples prepared in these 
forms are identified as, for example Ni2+-exchanged SWy-2: (i) Nat-SW-Ni, (ii) Na-SW-Ni 
and (iii) Fully-SW-Ni (see section 3.2.4 for details). The a-pinene isomerisation (at 80 °C for 
2 h) was applied to all the IECs. The aim of this study was to evaluate both the different 
exchanging procedures and the effect of interlayer cation on the catalytic activity. In 
particular the plan was to relate gallery expansion and cation acidity to a-pinene 
isomerisation activity.
The catalytic activity of the IECs is correlated with the acidity values determined using the 
desorption of cyclohexylamine. Additionally, the desorption of cyclohexylamine was
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followed by Real-Time TG-FTIR and Real-Time TG-MS to elucidate the mechanism process
and to identify the desorption/decomposition products.
5.3.1 Effect of the Ion-Exchange Procedure on the Catalytic Activity
The product distribution for SWy-2, Sap-Ca and SAz-1 exchanged with Al3+, Ca2+, Mg2+, 
Na+ and Ni2+ towards the Bronsted acid catalysed reaction of a-pinene as a function of the 
exchange procedure is shown in Figure 59. The distribution for EECs derived from the natural 
form (Figure 59a) shows that the highest conversion was obtained over Sap-Ca clays, 
followed by SWy-2 and SAz-1, which presented the lowest activity.
The order of activity of the IECs was Al3+ > Ni2+ > Mg2+ > Ca2+ > Na+. This order of activity 
is in complete agreement with the charge-to-radius ratios of the metal ions (A1 = 0.021, Ni = 
0.016, Mg -  0.012, Ca = 0 . 0 1 0  and Na = 0.005), which consequently displays the 
polarisation power of coordinated water molecules.
Additionally, ICP data showed that the metal uptake from natural samples was not 100%. 
Therefore, the same series of samples were prepared from Na-SWy-2 and Na-Sap-Ca forms 
and their results are illustrated in Figure 59b. Indeed, an enhancement was obtained in the 
total conversion for Al34, Mg2+ and Ni2+ whilst that of Ca2+ and Na+ was almost invariant and 
the selectivity favoured towards other products. A further improvement in the catalytic 
activity was obtained in samples fully exchanged with Mg2+ and Ni2+, but a reduction was 
noticed for Ca2+ (Figure 59c).
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Figure 59. Product distribution for IECs from (a) Natural and (b) Na+-forms.
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These observations indicated that Mg2+ and Ni2+ are not so effective in displacing the 
exchangeable cations from the clays when IECs are prepared using procedures (i) and (ii). 
The activities of the Na+-exchanged clays were too low in all cases.
It is worth examining the trend found in SCa-Ca in which the order of catalytic activity was 
Natural > Na+-form > fully-exchange. A reason for this is that the Ca2+ ions, using procedure 
(i), did not frilly displace the exchangeable Mg2+ (0.34% CaO), which is moderately active 
for the reaction process. Nonetheless, as the severity of the exchange treatment proceeds, 
either in Na+- (ii) or in Ca2+-form (iii), Mg2+ is more susceptible to displacement by the 
catalytically inactive Na+ or Ca2+ cations. As a result a reduction in activity was suspected.
B Camphene 
■ Limonene 
□ Others
59c. Continued. Product distribution for fully-IECs.
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The data obtained herein is in line with the findings of Brown and Rhodes. 108 They prepared 
fully-exchanged samples with Al3+, Fe3+, Cu2+, Zn2+, Ni2+, Co2+ and Na+ from an acid-treated 
montmorillonite. The order of activity towards the isomerisation of a-pinene was Al3+ (8 .8 ) > 
Fe3+ (7.0) > Cu2+ (3.0) > Zn2+ (2.1) > Ni2+ (1.8) = Co2+ (1.7) > Na+ (0), values given in rate 
constant/xlO'5 s'1. They found that, for this particular reaction, the maximum in activity was 
reached after thermal activation at 150 °C, in which the Bronsted acidity was at a maximum. 
Additionally, using the rearrangement of camphene hydrochloride to isobomyl chloride, to 
test the effectiveness as a Lewis acid catalyst, over the same series of samples, activated at 
250-300 °C, the activity recorded in Al3+-exchanged clay was dramatically reduced. A slight 
diminution in activity for Fe3+-exchange clay was also noticed. However, the activity was 
increased in Ni2+-exchanged samples, which means that Ni2+-exchanged samples exhibited 
Lewis acid sites.
Overall therefore, the nature of the catalytic activity depends considerably on the extent of 
the exchange process. In this regard, certainly Al3+ was the most effective ion in displacing 
the resident cations in all the exchanging treatments. However, with the other ions the 
exchange is essentially complete when samples are treated several times with a concentrated 
aqueous solution of each cation. 108,226’227
5.3.2 Characterisation of Acidities
The derivative thermograms for the desorption of cyclohexylamine for SWy-2 and Sap-Ca 
IECs prepared from the Na-forms are shown in Figure 60. Clearly, the desorption maxima of 
cyclohexylamine, at 310 °C, depends on the cation incorporated into the clay.
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From the TG curves, the weight loss between 240 and 360 °C was used to compute the 
acidity in terms of millimoles cyclohexylamine desorbed. A relatively high lower 
temperature 240 °C was chosen so that differences in the amount of physisorbed base or n'on- 
exchanged water do not affect the determined values. The acidity values for all the IECs 
prepared using different exchanging procedures are given in Table 16. No significant 
differences in acidity were observed for Al3+-exchanged samples, a slight increment was 
noticed for Ni2+ and Mg2+, whereas those for Ca2+ were invariant and for Na+-exchanged 
samples there was a reduction of 50%. Indeed, these data are marginally in accord with the
• 2 “bresults observed for the catalytic activity, in which the increase of ion incorporation (Ni 
and Mg2+) induced an enhancement in the total conversion of a-pinene, whilst a reduction 
was anticipated as the uptake Ca2+ and Na2+ increased. Ca2+ ions adsorb cyclohexylamine 
effectively, 99’201 but they are inactive for the isomerisation reaction. 108
Al3+ Ni2+ Mg2+ Ca2+ Na+
Nat-SW 0.32 0.29 0.29 0.26 0.13
Na-SW 0.33 0.30 0.30 0.28 0.06
Fully-SW 0.33 0.31 0.32 0.29 0.06
Nat-SCa 0.30 0.24 0.32 0.29 0 . 1 2
Na-SCa 0.31 0.26 0.33 0.28 0.06
Fully-SCa 0.31 0.27 0.35 0.30 0.06
Table 16. Effect of the exchange treatment on the surface acidity (mmol B^/g clay).
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The concentration of surface acid sites for IECs derived from SWy-2 follows the order: Al3+
> Ni2+ = Mg2+ > Ca2+ > Na+ whilst that for Sap-Ca is: Mg2+ > Al3+ > Ca2+ > Ni2+ > Na+.
In contrast, the trend in catalytic activity of ion-exchanged clays is not very well reflected in 
the surface acidity of the clays. This is because the acidity determinations carried out in IECs 
were in the same range for Al3+, Ca2+, Mg2+ and Ni2+, whilst the total conversions were 
different, in all cases. In summary, the desorption of cyclohexylamine is not a useful test for 
predicting the catalytic activity of IECs, for this reaction involves a non-polar substrate.
5.3.3 Real-Time TG-FTIR of the Evolved Gases during the Desorption of 
Cyclohexylamine.
It is worth returning to the thermogravimetric traces of the desorption of cyclohexylamine 
shown in Figure 60, in which there is a noticeable difference between Na-SCa-Ni and the 
other IECs. In the presence of cyclohexylamine, the CO2 evolution in Na-SCa-Ni is shifted to 
a lower temperature, showing a broad and prolonged desorption band in the region 480-650 
°C whilst this band appears at a slightly higher temperature range for the other four IECs.
A Real-Time TG-FTIR profile showed that the breakdown of cyclohexylamine over Na-SCa- 
Ni is much faster than that of the other samples. Certainly, this fact is supported by 
comparing the FTIR chromatograms of Na-SCa-Ni and Na-SCa-Mg (Figure 61), where the 
evolution of the different species that come out (aliphatic, unsaturated hydrocarbons, CO2 
and NH3) as a function of time is shown during the thermal desorption of cyclohexylamine. 
Na-SCa-Ni shows three maxima for the evolution of NH3, with the most intense peak centred 
at 29 min (280 °C) whilst Na-SCa-Mg only presents two maxima and the most intense occurs 
at a much higher time of 34 min (370 °C). At higher temperatures, Na-SCa-Ni presents two
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nmmonio: 0 2 5 . O O O - 1275.000 cm-1
co2: 2 2 5 0 . 0 0 0 - 2 5 0 0 . 0 0 0  cm-1
Unsaturated 3 0 0 0 . 0 0 0 —3 1 5 0 . 0 0 0  c m —1
Aliphatic: 2 0 5 0 . 0 0 0 - 3 0 0 0 . 0 0 0  cm-1
Re c o n s t r u c t e d  C h r o n B t o g r a m
TG: Wgt
10 20 30 AO SOTime (minutes)
Unsaturated 3 0 0 0 . 0 0 0 —3 1 5 0 . 0 0 0  c m —1
NH3: 0 2 5 . 0 0 0 - 1 2 7 5 . 0 0 0  cm-1
C02: 2 2 0 0 . 0 0 0 - 2 5 0 0 . 0 0 0  cm-1
Aliphatic: 2 0 5 0 . 0 0 0 - 3 0 0 0 . 0 0 0  cm-1
R e c o n s t r u c t e d  C h r o m a t o g r a m
TG: Wgt
10 20 30 50
Tims (minutes)
Figure 61. FTIR chromatograms for the desorption of cyclohexylamine from (a) Na- 
SCa-Ni and (b) Na-SCa-Mg.
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broad and prolonged bands for the evolution of CO2 at 44 and 49 min (570 and 650 °C), Na- 
SCa-Mg only has one maximum for CO2 at 51 min (690 °C), reinforcing the data presented in 
Figure 60.
According to these observations, it is expected that cyclohexylamine will undergo faster 
hydrolytic degradation giving an earlier CO2 desorption peak. Such a shift may be the 
consequence of either the incomplete penetration of the organic molecule into the pores or 
the result of a different desorption mechanism in Na-SCa-Ni.
The contribution of aliphatic and unsaturated species in both samples are very significant. 
However, in Na-SCa-Ni the aliphatic bands are more resolved than for Na-SCa-Mg, where 
the two bands observed are quite prolonged and less separated. Only one aromatic/alkene 
maximum is clearly observed in both samples.
Real-Time TG-FTIR gives a helpful idea of what is happening during the desoprtion of 
cyclohexylamine in IECs, but it does not identify the different hydrocarbon species generated 
during the heating process.
5.3.3.1 Identification of Evolved Gases
Thermal analysis combined with mass spectrometry has been used to study the desorption of 
butylamine from clays, 200 zeolites, 228'230 and from silica-alumina.2 3 1,232 It was shown that 
when these catalysts were heated in the presence of sorbed butylamine, the adsorbed 
molecule decomposed into ammonia, butanes and butenes as well as forming methane and 
aromatic compounds.
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A mass-spectrometric analysis in a temperature-programmed desorption mode (Real-Time 
TG-MS) showed that the product obtained at temperatures less than 240 °C was 
cyclohexylamine and those between 250 and 400 °C were a mixture of ammonia, 
cyclohexene, 1,3-cyclohexadiene, benzene, cyclopentene and 1,3-cyclopentadiene. Above 
400 °C the desorption products are mainly water, CO and CO2 .
Figure 62 shows the 3D-FTIR spectra of the gases evolved during the desorption of 
cyclohexylamine from Na-SCa-Mg. From 15 to 27 min (equivalent to a temperature of 35 
and 240 °C) the observed spectra are mainly due to the desorption of the base. The intensity 
of bands at 2937 and 2862 cm'1, the CH stretching bands, increased as the temperature 
program proceeded. Very small bands at 2366 and 2332 cm' 1 started to appear at 25 min 
(180 °C), associated with the CO2 evolution.
The aliphatic CH stretching band (largely attributed to cyclohexylamine) slightly decreases 
its intensity at 28 min (-250 °C) and then increased with the rise in the heating rate at 33 min 
(340 °C), in which the product mixture, mentioned above, was found. In this temperature 
range the doublet at 966 and 931 cm' 1 reaches a maximum as well as those at 1900-1300 cm' 1 
that correspond to the stretching and deformation bands of physisorbed water from the clay 
structure, combined with the bending modes of the organic molecules.
With a further temperature increment at >38 min (>400 °C) the bands associated with 
stretching and bending of the organic products, water and ammonia, decrease in intensity 
dramatically, but are still present at a very low intensity. At this stage only the appearance of 
water, CO 2 and CO (characteristic bands centred at 2180 and 2 1 0 0  cm'1) contribute to the
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Figure 62. Showing the 3D-FTIR spectra of the desorption of cyclohexylamine from the 
Na-SCa-Mg sample.
total IR spectra. The evolution bands of CO2 appear as a plateau at 51 min (690 °C) and then 
slowly decrease in intensity at higher temperatures. These observations provide further 
evidence that the evolution of CO2 is due to the combination of carbonaceous deposits with 
water.
The Hofmann degradation, used to explain the decomposition mechanism of butylamine, 
could be applied to cyclohexylamine:
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The degradation is followed by dehydrogenation of cyclohexene to produce 1,3-
cyclohexadiene, which further dehydrogenates to form benzene:
H. H.
Another parallel decomposition reaction appears to occur together with hydrolysis leading to 
the evolution of CO, CO2 and cyclopentene. The latter again dehydrogenates to give 1,3- 
cyclopentadiene:
n+M -  C l a y >H y d r o l y s i s COn CO
H.
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5.4 Summary of the Results Obtained for AlACs, AlAOCs and IECs
It has been demonstrated that mild activation with Al3+ and A13+/TMA+ over Sap-Ca, STx-1, 
SWy-2 and SAz-1 produced materials in which the layer structure was unaffected and a 
comparison of their catalytic abilities was possible. The type of clay had considerable effect 
on the total conversion. Sap-Ca and STx-1 were more effective for the process than SWy-2 
and SAz-1. In general, the catalytic activity obtained over AlACs and AlAOCs was very 
similar to those observed using H* and H+/TMA+. Al3+/TMA+-exchanged clays gave lower 
conversions than their Al3+-exchanged counterparts when the Al3+ offered was low (10-40%), 
but the values were similar at an Al3+ content of >50% CEC. Certainly, at high TMA+ content 
there was a reduction in acidity and therefore a decrease in activity was expected. The high 
catalytic activity found for AlAOCs, especially for those derived from STx-1, Sap-Ca and 
SWy-2, was attributed to their ability to keep the layers permanently apart thus facilitating 
the ingress of a-pinene.
There was a good correlation between the acidity and the catalytic activity for both AlACs 
and AlAOCs derived from Sap-Ca, STx-1 and SWy-2. However, this was not true for SAz-1, 
which has a high Ca2+ content that considerably contributes to the adsorption of 
cyclohexylamine, but it is inactive for the isomerisation of a-pinene.
The low catalytic activity in samples derived from SAz-1 has been attributed to its inability 
to accommodate the reagent because of its high charge density. Nonetheless, reducing the 
layer charge using the well established Hofmann-Klemen50 effect followed by Al3+ activation 
resulted in a considerably improved activity for SAz-1. The fact that no tricyclene was
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adsorbed, that stuffed layers are not active and that cations that maintain layer separation
point to the fact that the reaction is interlamellar.
The shape and valence of the organocation had a remarkable effect on the a-pinene 
conversion. The order of activity was A13+/TMA+ > Al3+/DABCOH22+ > A13+/DAPH22+. 
DAPH22+ cations showed more resistance to being displaced by Al3+ or H*, resulting in a 
strong blocking effect for the reactant molecule, whilst TMA+ and DABCOH22+ left empty 
channels of a greater width, large enough to accommodate a-pinene. The increment in the 
Al3+ content did not cause a significant effect upon the activity because the acidity of 
Al3+/DABCOH22+ and A13+/DAPH22+ were governed by the presence of protons from 
different competition equilibria.
The exchanging procedure had a significant influence upon the total conversion of a-pinene. 
It was found that fully-exchanged samples produced more effective catalysts for the process 
than those prepared from either natural clays or Na+-exchanged forms. The order of activity 
for ion-exchanged samples was Al3+ > Ni2+ > Mg2+ > Ca2+ > Na+, with Sap-Ca being more 
active than SWy-2 and SAz-1 clays. This trend in activity did not correlate well with the 
surface acidity of the IECs, determined by the desorption of cyclohexylamine.
The TG-FTIR-MS analysis demonstrated that cyclohexylamine breaks down to give 
ammonia, cyclohexene, 1,3-cyclohexadiene, benzene, cyclopentene, 1,3-cyclopentadiene, 
carbon monoxide and carbon dioxide. The evolution of CO and CO2 was due to the 
combination of carbonaceous deposits with water. The desorption of cyclohexylamine, for 
Ni2+-SCa sample, exhibited an earlier decomposition temperature.
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6.0 Introduction
As described in Chapter 2, the literature dealing with the interaction of olefins with clays 
stated that most of the research in this field has been carried out in the liquid phase and in 
some cases at high temperatures and/or high pressures. Under high temperature and/or high 
pressure conditions the reactant olefins (in liquid phase) are transformed to the corresponding 
di-alkylethers. 177-179 However, if low chain length olefins react with synthetic mica 
montmorillonite or zeolites in the gas phase at high pressure, oligomerisation and 
hydrogenation products are found in the final reaction mixture. ’ ' Indeed, all of these 
reactions have been described in numerous papers on clays exchanged with metal cations, or 
organometallic complexes, or pillared clays during the last 30-40 years. Yet, not many of 
those papers have given a detailed study of the adsorption/desorption reaction of clay-olefin 
samples prepared at room temperature, so that the composition of the adsorbed species 
formed on the surface is still unclear.
This study represents an extension of the work performed by Choren, et a / . , 183’184 in which 
the author was directly involved. We reported the adsorption-condensation of light olefins on 
clays, alumina and porous and non-porous silica at room temperature in a vapour-solid 
system. These oligomeric residues were formed on the clay surface after the reaction 
terminated. Unfortunately, we could not identify the nature of the products formed.
In this chapter, a more detailed analysis has been carried out using Synergic Chemical 
Analysis of the desorption products formed during the adsorption of hept-l-ene on 
aluminium-activated clays (AlACs) and aluminium-activated organoclays (AlAOCs) derived 
from STx-1. The same sample nomenclature as given in section 3.2.2 is utilised herein, for
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example ST-A150 indicates that the raw clay was treated with 50% CEC of Al3+ and ST- 
A110/TMA90 means that the same clay was prepared with 10% CEC of Al3+ and 90% CEC 
of TMA+. These series of samples were selected because they showed a high catalytic 
activity towards the isomerisation of a-pinene, whilst hept-l-ene was chosen because it is a 
liquid and thus easier to handle than a gas (see section 3.11).
Synergic Chemical Analysis is a powerful technique that simultaneously combines different 
analytical instruments. The thermobalance is the heart of the technique, which can be 
connected through a heated transfer line to a Fourier Transform Infrared Spectrometer (Real- 
Time TG-FTIR). Alternatively, the TG can also be connected through another transfer line to 
an adsorbent trap contained in an organic trap module coupled to a Gas Chromatograph- 
Mass Spectrometer (TG-OTM-GC-MS). These instrumental techniques might allow a 
complete characterisation of the hydrocarbon products that are desorbed at certain 
temperatures.
Clays are known as efficient catalysts for alcohol dehydration to the corresponding olefins 
and/or the corresponding ethers as well as for the olefin hydration to the corresponding 
alcohols. 19,186,188 This alcohol-olefin equilibrium reaction is closely related to the olefin 
isomerisation, because it can occur through the same intermediates (e.g., carbenium ions) and 
with the same products. 187 In particular, the dehydration of heptan-l-ol and heptan-2-ol can 
give rise to heptene. For this reason, the interaction of heptan-l-ol and heptan-2-ol over 
AlACs is also studied by TG.
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6.1 VT-XRD
The diagrams in Figure 63 show the changes in 20 and the intensity of the diffraction 
maxima with increasing temperature for the adsorption of hept-l-ene on ST-A120 and ST- 
A1100 whilst those of ST-A110/TMA90 and ST-A190/TMA10 are given in Figure 64. The d- 
spacings for these samples are listed in Table 17.
dooi RT dooilOO °C dooi 150 °C dooi 200 °C dooi 300 °C
ST-A120 14.3 13.8 13.5 1 1 . 6 1 0 . 2
ST-A1100 14.5 14.0 13.5 1 2 . 8 1 2 . 6
ST-A110/TMA90 14.2 14.1 14.0 14.0 13.8
ST-A190/TMA10 14.1 13.6 13.6 13.5 1 2 . 8
Table 17. Showing the basal spacings (in A) for the adsorption of hept-l-ene on selected 
AlACs and AlAOCs.
The VT-XRD traces for STx-1 exchanged with different aluminium contents (20% and 100% 
CEC) show that heating at 200-300 °C causes a sudden reduction of the expanded layers to
1 0 . 2  A, especially for ST-A120, in which the intensity is also reduced. Certainly, the high 
calcium content (80% CEC) has a considerable influence on this particular sample. In the ST- 
A1100 sample there was a slight reduction in the intensity, but in general the d-spacings of 
1 2 .6 ±0 . 2  A dominated, which indicates that the layers are still expanded even at 300 °C in the 
presence of hept-l-ene (Figure 63b). This result further supports the previous findings 
(Chapter 5) for AlACs, in which the catalytic activity was attributed to the expanded layers 
of AlACs that allowed the penetration of a-pinene to the interlamellar space, increasing the 
total conversion.
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Figure 63. VT-XRD traces for the adsorption of hept-l-ene over (a) ST-AI20 and (b) 
ST-AUOO.
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Figure 64. VT-XRD traces for the adsorption of hept-l-ene over (a) ST-AU0/TMA90 
and (b) ST-A190/TMA10.
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The adsorption of hept-l-ene was carried out at room temperature on samples dried at 120 °C 
overnight, where a d-spacing of 14.0 A is observed for AlACs. In fact, the reactant molecules 
find favourable conditions to access the interlamellar space and reach the acid centres. 
Therefore, a significant adsorption of hept-l-ene is anticipated in STx-1 samples prepared
3+ •with high aluminium content. Samples with low A1 presented a reduced acid site population 
combined with the non-exchanged calcium, which, as mentioned before, is inactive for 
catalytic purposes.
The effect of the heating process upon AlAOCs is different to that of AlACs. At high TMA+ 
content, the d-spacing is totally governed by the presence of the organocation and neither 
significant changes in basal spacing nor in the intensity are noticed. TMA+ cations are 
resistant to thermal decomposition and hold the layers permanently apart even when the 
sample is dehydrated.117 At low TMA+ loading (10% CEC), the basal spacing at room 
temperature is similar to that obtained at high loadings. Nevertheless, heat treatment causes a 
slight diminution in the d ooi spacing that remains essentially unchanged at further 
temperature increments (100-200 °C), but the peak intensity is decreased at 200 °C. Again the 
high aluminium content controls the expansion process, still noticed at 300 °C, although the 
peak is broader like that in Figure 64a.
Comparing ST-A190/TMA10 with the ST-A1100 counterpart, it is clearly observed that the d- 
spacings of the former are slightly higher that the latter in the temperature range 150-300 °C. 
This observation indicates that even small TMA+ loadings have a significant influence on 
maintaining the layers expanded.
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In Chapter 5, it was demonstrated that the isomerisation of a-pinene in AlAOCs was 
dramatically reduced in samples prepared with high TMA+ loadings (>50%). However, the 
activity of AlAOCs was similar to that for AlACs when the TMA+ was in the range 20-30% 
CEC. This observation can be use to predict that in the adsorption of hept-l-ene into the 
interlayer region of AlAOCs (with high TMA+ content) the alkene will have limited access to 
reach protonic centres due to displacement of protons by TMA+ cations. In these particular 
samples it is expected that the olefin does not undergo catalytic transformation because of the 
lack of acid sites either on the external surface or on the interlamellar region. These 
inferences will be corroborated later on as the discussion progresses.
6.2 Thermogravimetric Analysis
6.2.1 Desorption of Hept-l-ene
Figure 65a shows the desorption profiles for AlACs. The derivative thermograms exhibit four 
desorption peaks with maxima at 90°, 140°, 235° and 620 °C. The peaks at 90° and 620 °C, as 
previously described, correspond to the desorption of physisorbed water combined with 
desorption of the physisorbed alkene and lattice dehydroxylation together with CO2 
evolution. The peak at 140 °C is attributed to the desorption of hept-l-ene on calcium cations 
that were not displaced by aluminium ions. This peak is very intense in ST-A120, which still 
contained about 80% CEC Ca2+. However, as the aluminium content offered increased, it 
decreased in intensity and is very weak at Al3+ >60%. Additionally, the region between 80- 
120 °C is significantly changed as the exchange calcium is displaced by aluminium, the shape 
of the peak in this region is controlled by the desorption of the physisorbed water and hept-1-
3 +ene (90 °C) that becomes sharper and was shifted to lower temperatures as the amount of A1
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increased. The maximum at 235 °C corresponds to the desorption/decomposition of hept-1-
ene and it is increased with aluminium content.
These data corroborate (as showed in Chapter 5) that sites with sufficient acid strength to 
interact with hept-l-ene are present in the AlACs. Nonetheless, the assignments already 
given, for the species being desorbed from the clay are, at this stage, only realistic 
assumptions that will be correlated against the TG-FTIR and TG-OTM-GC-MS data.
The derivative thermograms for the desorption of hept-l-ene from AlAOCs (Figure 65b) 
show the maxima described above together with that arising from the desorption of TMA+ at 
410 °C. This peak is reduced in intensity as the A1:TMA ratio increased. The desorption peak 
attributed to the desorption of hept-l-ene from Bronsted acid sites at 235 °C is not visible in 
samples prepared with high TMA+ content. This peak starts to occur at Al3+ >70%. It is worth 
noticing that a broad and prolonged peak, extending from 100-200 °C, is observed in samples 
with low A1:TMA ratio, which changed as the ratio increased. The most plausible 
explanation is perhaps that, in samples with low Al.TMA ratio, hept-l-ene is desorbed 
unaltered from the interlamellar space where the reactant molecules do not find sufficient 
acid sites, due to displacement by TMA+ cations, able to cause protonation and further 
transformation of hept-l-ene.
However, as the A1:TMA ratio increased, a significant fraction of molecules effectively 
interact with protons arising from the polarisation of water molecules in the interlamellar 
region. These protonic centres are sufficient acids to cause protonation of the double bond. 
Therefore, the maximum at 235 °C significantly increased in intensity.
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These results are in complete agreement with those found for the desorption of 
cyclohexylamine in the same series of samples, where the TMA+ cations (at low A1:TMA 
ratios) reduced the population of acid sites with the corresponding reduction in catalytic 
activity for the a-pinene isomerisation.
6.3 Real-Time TG-FTIR for the Desorption of Hept-l-ene
Figure 6 6  shows the 3D-IR spectra for the desorption of hept-l-ene from ST-A1100 as a 
function of time. During the first 10 min (isothermal at 22 °C), only the bands associated with 
the olefin can be reliably identified in this spectrum. Intense bands at 2937 and 2879 cm' 1 
belong to the asymmetric C-H and symmetric C-H stretch in the -CH2- groups. Another 
vibration band at 2953 cm' 1 is seen as a left shoulder to the band 2937 cm' 1 arising from 
asymmetric C-H stretch of the CH3 group of the olefin. Additionally the =CH stretching 
band, which occurs at 3090 cm' 1 is clearly noticed. Two bands at 1469 and 1649 cm' 1 belong 
to the deformation vibration of the -CH2- and the olefin double bond vibrations. Two other 
bands at 999 cm' 1 and 912 cm1 are clear in the spectrum and correspond to the olefinic C-H 
out-of-plane deformation.
As the temperature is increased, the spectra change considerably. At 2 0  min (93 °C) the =CH 
stretching band at 3090 cm' 1 decreased in intensity as well as that at 1649 cm'1. This proves 
that the sharp maximum at 90 °C in Figure 64a contains a good deal of hept-l-ene as well as 
water.
The two bands at 3090 and 1649 cm' 1 disappear completely with a further temperature 
increment (28 min, at 225 °C where the maximum desorption/decomposition of hept-l-ene
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occurs) and the spectrum is dominated by the presence of bands at 2960, 2937 and 2879 cm*1 
from asymmetric and symmetric vibration of CH2 and CH3 groups. This evidence indicates 
the parafifinic nature of oligomeric species being desorbed or perhaps dehydration products. 
The C-0 stretching band in the JR spectrum occurs in the frequency range 1050-1300 cm*1 
whilst the O-H appears between 3590-3650, but the assignment of these bands to an alcohol 
is uncertain because the intensity of these bands is, in general, very weak. Additionally, this 
behaviour is further evidenced by the disappearance of the bands at 999 and 912 cm"1 and the 
appearance of two bands at 1458 and 1383 cm*1 that are assigned to the deformation vibration 
of the -CH2- and CH3- groups in oligomeric products.
Carbon dioxide bands at 2362 and 2316 cm*1 appear in the whole spectra of ST-A1100 at very 
low intensity.
Figure 67 shows the contribution of the gases evolved to the total IR chromatogram. Four 
peaks are clearly seen in the reconstructed chromatogram at 3, 22, 26 and 28 min (21, 93, 140 
and 230 °C). The evolution temperatures of all these peaks are exactly the same as those 
observed before (Figure 65a). At 21 °C there is only contribution of the hept-l-ene as 
described in paragraph above. At 93 °C there are contributions of unsaturated hydrocarbons 
along with water, alcohol, aliphatic hydrocarbons, and a small amount of C02. The peaks at 
140 and 230 °C only represent contribution of aliphatic hydrocarbons and small amounts of 
unsaturated hydrocarbons.
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Figure 66. 3D-FT1R spectra for the desorption of hept-l-ene from ST-AI100 (a) from 0 
to 30 min and (b) from 13 to 45 min.
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The data presented herein demonstrates that the AlACs possess acid centres of sufficient 
strength to cause the protonation of the olefin. Certainly, Choren, et a/.,184 reported that the 
free Si-O-H groups only participate in the reversible adsorption of olefins but do not 
participate either in the isomerisation or in the oligomerisation.184 The stretching of free 
silanol groups appeared as a very sharp band at 3740 cm*1 and it was affected by the 
adsorption of olefin. Additionally, they observed the absence of the double-bond band. 
Similarly, Trombetta, et al’ ,236 found only reversible adsorption (at room temperature) of the 
n-butene on/from the surface hydroxyl of alumina, as on silica and or the HZSM5 zeolite. 
They attributed this behaviour to a very weak interaction allowing the breaking of the C=C 
double bond and the formation of the carbenium ion due to the weakness of the OHs as 
Bronsted acids. On the other hand they stated that the isomerisation of olefins at room 
temperature was favoured by the formation of allyl species, whereas at high temperature H- 
bonded olefins were assumed to be the precursor for carbenium ions that produce the skeletal 
isomerisation.
Taking into consideration Trombetta’s group’s236 conclusions it is possible to predict both 
isomerisation and oligomeric products during the reaction process. This is due to the 
presence of acid sites, determined by the adsorption of cyclohexylamine (see Table 13, 
Chapter 5).
6.4 TG-OTM-GC-MS
Figure 68a illustrates the total ion chromatogram (TIC) vs. time curve obtained after ST- 
A1100 saturated with hept-l-ene was heated up to 500 °C and a similar product distribution 
was observed for ST-A150 (Figure 68b). As can be seen, the GC-MS chromatograms of the
Chapter 6. Adsorption of Alcohols and Olefins on Aluminium Activated Clays and OrganoClays 186
Tot
al 
Ion 
Cur
ren
t / 
%
A. J. Moronta, Preparation, Characterisation and Catalytic Activity o f Acid-Activated OrganoClays
100
1,1 -dimethyl-1 -butene 
2,3 -dimethyl-1 -pentanol
1-heptene
2-heptene
3-heptene
1-heptanol
2-heptanol*cc3Oco
Time In Minutes
100
10 200 5 15 25 3530
Time In Minutes
Figure 68. GC-MS chromatograms of the products evolved during the thermal 
desorption of hept-l-ene from (a) ST-A1100 and (b) ST-AI50 samples.
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desorbed compounds consist of a complex mixture of more than 60 peaks. The data obtained
herein is in line with the results reported by Stepanov, et a/.,185 who extracted the products
formed during the adsorption of ethylene on acidic zeolite HZSM5 at room temperature and
found a similar product distribution (more than 50 hydrocarbons, Figure 69).
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Figure 69. GC-MS spectrogram of hydrocarbon products extracted from H-ZSM-5 -  
ethylene system, after dissolving the zeolite sample in NaOH solution.185
The individual compounds resulting from the desorption of hept-l-ene were identified, using 
a computer matching search, from their fragmentation patterns and parent ions. It was found 
that the product gases were a mixture of 1,1-dimethyl-l-butene, hept-2-ene, 2,3-dimethyl-l- 
pentanol hept-3-ene, heptan-l-ol and heptan-2-ol that appeared next to the hept-l-ene peaks 
(Figure 68), all at short retention times, but not well separated. At retention times (>7 min) 
linear and branched n-alkanes, ranging from Cs to Cm, were found. Some aromatic 
compounds were also found in the reaction mixture and they might have resulted from a
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dehydrocyclisation reaction. Unfortunately, it was not possible to compute hydrocarbons
<C5, because the trap used (Vocarb 4000) does not work efficiently in that range.
The presence of TMA+ in AlAOCs exerted a remarkable influence on the total ion 
chromatogram. Figures 70a-b show the distribution products during the desorption of hept-l- 
ene from ST-A150/TMA50 (temperature ramp = 1 °C min'1) and ST-A170/TMA30 
(temperature ramp = 5 °C min'1). At short retention times (<7 min) the shape and position of 
the peaks for ST-A150/TMA50 is similar to that for ST-A1100 and ST-A150. In this region 
the peaks correspond mainly to the desorption of the isomerised alkenes and hydration 
products. However, the series of peaks attributed to the evolution of n-alkanes and the 
aromatic compounds, which appear at higher retention times (8-25 min), are not visible. A 
reasonable explanation for these experimental facts in accord with the results found in 
Chapter 5, may be that hept-l-ene finds insufficient acid sites to interact in the interlamellae 
due to the high population of TMA+ cation, which effectively displace protons during the 
exchange treatment. Whatever the reason, hept-l-ene may selectively take the protons 
available in AlAOCs (prepared with intermediate TMA+ loadings) to produce only 
isomerisation and hydration products and desorption of unaltered hept-l-ene.
In ST-A170/TMA30 the series of peaks in the retention time region 8-25 min start to occur, 
but in a small amount, which indicates that both protons and an interlayer access are opened 
up to reaction as the TMA+ loading decreases.
Chapter 6. Adsorption of Alcohols and Olefins on Aluminium Activated Clays and OrganoClays 189
Tot
al 
Ion 
Cur
ren
t / 
%
A. J. Moronta, Preparation, Characterisation and Catalytic Activity o f Acid-Activated OrganoClays
100
Temp, ramp = 1 °C mins?
ca3u
co
2
0 5 10 20 3015 25 35 40
Time In Minutes
100
Temp, ramp = 5 °C min
2015105 300 25
Time In Minutes
Figure 70. GC-MS chromatograms of the products evolved during the thermal 
desorption of hept-l-ene from (a) ST-AI50/TMA50 and (b) ST-A170/TMA30.
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It is possible to propose that the mechanisms involved in the formation of the reaction
mixture could be:
1. Isomerisation of hept-l-ene arising from the formation of more stable species, in this case 
a secondary carbenium ion is produced upon protonation of the double bond.
2. Formation of alcohols catalysed by protons and the participation of water molecules (see 
Figure 18, Chapter 2). However, the formation of the dialkyl ether was not observed in 
the reaction products.
3. Interaction of acid sites in the galleries with hept-l-ene results in the formation of 
carbenium ions that can react in the interlayer region with hydrocarbons to give the 
corresponding formation of oligomeric species of long chain length (n-alkanes), strongly 
retained inside the clay framework.
In summary, the different adsorbed species that may exist in AlACs are in the form of three 
interconverting species, alkoxides, carbenium ion and olefin. Stephanov, et al.,185 stated that 
the alkoxy species were the main adsorption state in zeolites saturated with ethylene at room 
temperature. In this system, it is believed that carbenium ion might be the major adsorption 
state due to the considerable number of acid sites arising from the high polarisation power of 
aluminium ions (especially in those samples where the Al3+ was high).
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Figure 71a shows the derivative thermograms for the desorption of heptan-l-ol from AlACs 
whilst those for the desorption of heptan-2-ol are shown in Figure 71b. Three peaks are 
observed for the desorption of heptan-l-ol at 100°, 145° and 630 °C, these peaks can be 
attributed to the desorption of physisorbed water, desorption of the alcohol and the 
dehydroxylation of the clay combined with carbon dioxide. The peak at 145 °C in the clay- 
heptan-l-ol system increased in intensity as the aluminium content increased and became 
more resolved from the water desorption. ST-A140 and ST-A160 exhibited a weak, broad 
desorption near 280 °C that can be attributed to the desorption of small amounts of hept-l- 
ene or oligomeric species, which, as shown in the previous section, presented a broad peak 
from 160-300 °C. However, the assignments of these series of bands is merely speculative. 
As the Al3+ content increased ST-A180 and ST-A1100 show a series of weak and prolonged 
peaks in the region 280-500 °C. Again, hept-l-ene and/or oligomeric species, perhaps, are in 
that region, but the associations are still unclear.
As can be seen in Figure 71a, as the amount of aluminium increased the peak at 630 °C is 
shifted to lower temperature and presents a higher intensity. The percentage of weight loss in 
the region of 500-800 °C was 3.5-5% indicating that the contribution of CO2 was negligible 
and governed by the dehydroxylation of the clay. The most plausible explanation for this 
behaviour is that, the population of acid sites increased with the amount of aluminium 
incorporated, therefore a rich protonic environment might favour the formation of the 
corresponding alkene and/or the oligomeric species, which are present in the interlayer region 
and as the temperature is increased they are desorbed/decomposed at a lower temperature.
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The desorption of heptan-2-ol from AlACs shows similar peaks to that for heptan-l-ol. 
However, the shape for the desorption of heptan-2-ol is different. It appears as a less intense 
and poorly resolved peak from the water desorption. In fact, the desorption of the secondary 
alcohol is completely overlapped by the desorption of water in samples with low Al3+ content 
(ST-A120 and ST-A140) and it becomes visible as the amount of the Al34 exchange treatment 
increased. These Series of samples show two weak peaks in the range 280-400 °C. Once 
again it might evidence the formation of the corresponding alkene together with other 
hydrocarbons.
It is believed that the peak at 135 °C is unaltered heptan-2-ol. As the aluminium content 
increases the alcohol is converted to heptene at a temperature lower than 120 °C and, 
therefore the peak at 135 °C is no longer present.
These findings are in line with those reported by Breen, et al.,187 who studied the desorption 
of methanol, propan-l-ol, propan-2-ol and 2-methylpropan-2-ol from Na+-, Ca2+-, Al31-, 
Cr34- and Fe3+-exchanged montmorillonite. They reported, using mass spectrometric analysis, 
evidence of the formation of the corresponding alkene as well as small quantities of 
oligomeric species, but no ether formation was observed. The absence of ether was attributed 
to the low concentration of alcohol in the interlayer region to promote the intermolecular 
reaction, given that the formation of the dialkyl ether only occurs when the clay is in direct 
contact with the liquid alcohol. Using Breen’s group’s observations to support the 
results found herein, the weak peaks in the region 280-500 °C might be assigned then to the 
presence of the heptene and small amounts of oligomeric species.
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6-6 S u m m arv  n f the Results Obtained
Combined application of in situ TG-FTIR and TG-OTM-GC-MS to the analysis of the 
evolved gases during the adsorption of hept-l-ene at room temperature allows drawing the 
following conclusion:
Hept-l-ene interacts at room temperature, with surface acid sites of AlACs via proton 
transfer. Under these conditions the adsorption/desorption of hept-l-ene on/from clays was 
very complex, and resulted in a variety of reaction mechanisms: isomerisation, hydration, 
oligomerisation and dehydrocyclisation. The desorption products resulted in a mixture of 
more than 60 hydrocarbons.
These results outlined in this chapter have further corroborated and proved the conclusions 
given in Chapter 5, in which the remarkable activity showed by AlACs towards the 
isomerisation of a-pinene was attributed to the ability of aluminium to keep the layers 
permanently apart allowing ingress to the incoming molecules. Additionally, it has 
confirmed the supposition that TMA+, at high loadings, reduces the population of acid sites 
creating unfavourable conditions for the catalytic transformation of a-pinene as well as hept- 
l-ene.
More experimental work is required to fully characterise the evolved products during the 
thermal desorption of heptan-l-ol and heptan-2-ol, and also to prove that the presence of 
TMA+ cations affects the reaction selectivity towards the formation of hydration and 
isomerisation products. All these observations will be again considered in Chapter 8, where 
the strategy to follow is described in more detail.
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1 S S  Introduction
The exchangeable cations on natural clays can be replaced with different organocations by 
simple ion exchange. A variety of alkylammonium ions may be used in this regard to form 
organoclays that are effective adsorbents for removing organic contaminants from 
water.13’15’136*141
Depending on the size of the organic cations and the layer charge of the mineral, the alkyl 
chain of the organocations may form flat lying monolayer, bilayer, pseudotrimolecular layer, 
or paraffin complexes (see Figure 11, Chapter 2 ).138,143,144 The alkylammonium ions are 
preferentially adsorbed onto the cation-exchange sites of montmorillonites.
Cowan and White145 studied the adsorption of straight-chain monoalkylammonium salts by 
Na-Bentonites. A linear relationship between the change in the free energy and the number of 
carbon atoms in the aliphatic chain was found. The increment in the free energy was ascribed 
to van der Waals interactions between the chains. Consequently, a mechanism of the 
exchange process was proposed, in which the length of the hydrocarbon chain was 
considered to play the most important role. Similarly, Theng, et al.,146 found that the affinity 
of the mineral for the organic molecules was linearly correlated to molecular weight of the 
alkylammonium ion. Therefore, the greater the length of the alkylammonium chain, the 
greater is the contribution of physical forces to adsorption.
The intercalation of alkylammonium ions of different chain length has been used to 
determine the layer charge distribution of clay minerals143,237,238 and also to study the changes 
in the octahedral and tetrahedral charge of smectites after Li+ fixation.239,240
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More recently, Janek, et a l ™  have applied the alkylammonium method to the study of the
layer charge changes following autotransformation of H-smectites [H-smectite is converted
MQ AAA _spontaneously to (H,Al,Fe,Mg)-form upon ageing], ’ This group stated that the 
autotransformation of the H-smectites decreased the layer charge and concluded that protons 
preferentially attack the Mg(0,0H)6 octahedra during the process.
The stability of the alkylammonium ion-montmorillonite complexes has been attributed 
partly to the van der Waals attraction of the hydrocarbon chain with its neighbouring chains 
and with the clay surface (this effect increases rapidly with increasing chain length).242 The 
other contribution is due to a partly thermodynamic stabilisation of the alkylammonium ion 
at the clay surface compared with the same ion hydrated in aqueous solution.243 As a result 
the organoclay complexes are relatively heat stable up to 250 °C.150 However, as it has been 
shown in Chapters 4 and 5 of this thesis, the organoclay complexes possessed a temperature 
onset at approximately 410 °C. To date, the thermal stability of organoclays prepared from 
autotransformed clays using the alkylammonium method is unknown.
Therefore, in this chapter the focus is to study the exchange of quaternary ammonium (n- 
alkylammonium chlorides), with a variable carbon chain length, into Na-form clays and 
autotransformed H-clays with different crystallinity and homogeneity of charge distribution. 
In fact, special emphasis has been placed on the determination of whether autotransformation 
produces an improved stability and to evaluate the thermal desorption/decomposition process 
of the organoclays using real time TG-FTIR. The four clays chosen permitted the 
investigation of how layer charge and elemental composition of the octahedral sheet 
influence the decomposition of the alkylammonium ions. In particular the use of ST and
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SWa-1 provided the possibility of determining if structural iron exerted any influence on the
alkylammonium decomposition.
7.1 Materials and Methods
7.1.1 Clays Used
The <2 pm fractions of four bentonites were utilised in this study. The general descriptions 
are given in Table 18 and the elemental compositions are listed in Table 19. Co-workers in 
Bratislava prepared all the clays used in this investigation.
Sample Mineralogy Source
Jelsovy Potok (JP) Al-montmorillonite Slovakia
Cheto (SAz-1) Mg-montmorillonite Arizona, USA
Stebno (ST) Fe-beidellite Czech Republic
Nontronite (SWa-1) Ferruginous smectite Washington, USA
Table 18. General descriptions of the clays utilised.
Sample Si (Th) Al (Th) Al (Oh) Fe3+ (Oh) Mg (Oh) Interlayer Me+
JP 3.95 0.05 1.51 0.13 0.36 0.43
SAz-1 4.00 - 1.34 0.07 0.60 0.56
ST 3.61 0.39 0.98 0.80 0.29 0.47
SWa-1 3.64 0.36 0.42 1.46 0.14 0.44
Table 19. Structural formulae (per Oio(OH)2) of smectites.241
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7.1.2 Alkylammonium Exchange
JP, SAz-1, ST and SWa-1 were first saturated with Na+ using 1 M NaCl solution, washed 
free of excess ions using de-ionised water and ethanol, air dried at 60 °C, and ground to pass 
through a 0.2 mm sieve. Approximately 100 mg of the Na-form samples were exchanged 
with 2 ml of 0.1 M aqueous solutions of primary alkylammonium salts of increasing chain 
length from C6 to Ci6.238
Batches of the H-samples were prepared from the Na-form clays. 100 mg of the Na-form 
clays were treated first with a solution of 1 M NaCl + 0.1 M Na2C2C>4 + 0.1 M HC1 for 5 min 
in an ultrasonic bath and for 25 min in a shaker. The solid phase was separated by 
centrifugation and dispersed in 1 M NaCl + 0.1 M Na2C2C>4 solution and shaken for 30 min. 
The centrifugation treatment was repeated five times. The freshly prepared H-smectite 
dispersion was left to age in a tightly sealed polyethylene flask at 90 °C for four days during 
which autotransformation occurred. Then the solids were washed with water and ethanol to 
remove the excess ion and finally dispersed in re-distilled water to prepare a 1% dispersion. 
A 2 ml quantity of the dispersion, after the centrifugation and re-dispersion treatments, was 
exchanged with alkylammonium cations as mentioned above. More details of the 
experimental procedure are given elsewhere.241
Samples arising from these two procedures are hereinafter designated as ST-Na-C6NH3+ and 
JP-An-Ci6NH3+, which denotes that the Na-form of ST was first prepared and then 
exchanged with C6NH3+ alkylammonium ion and that JP was autotransformed and then 
exchanged with Ci6NH3+ alkylammonium ion.
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7.1.3 Thermogravimetric Analysis
Thermogravimetic (TG) analysis was utilised to measure the thermal stability of the Na- and 
autotransformed organoclays, using a Mettler TG 50 thermobalance. The same experimental 
procedure and operational conditions as described in section 3.5 (Chapter 3) were used to 
obtain the thermograms.
7.1.4 Real Time TG-FTIR
The infrared spectrum of the gases evolved during the heating process was recorded using the 
same thermobalance (Cahn TG131) - FTIR assembly and experimental conditions given in 
section 3.8 (Chapter 3).
7.2 Results and Discussion
7.2.1 Thermogravimetric Studies
In this section the derivative thermograms for the desorption/decomposition of 
alkylammonium ions of pair chain length (C6, Cg, Cio, C12, C14 and Ci6) are described for 
both the Na-form and the autotransformed clays. The general trends are discussed below:
SAz-1
The thermogravimetric traces for the series prepared using Na-SAz-1 (Figure 72a) show five 
maxima at 80°, 290°, near 400°, 500-680° (very weak) and 710 °C. These peaks are assigned 
to: (80 °C) desorption of physisorbed water, (290 and 400 °C) decomposition of the 
organocations that breakdown to produce (as will be shown in the next section) ammonia, 
water, aliphatic species and small amounts of CO2, (500-680 °C) and (710 °C) formation of 
CO2 combined with the dehydroxylation of the clay. Figures 73 and 74 show the 3D-FTIR of
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the evolution of all the species mentioned above, which will be discussed in more detail later
on.
In the series prepared using An-SAz-1 (Figure 72b), the decomposition of the organocations 
occurs at a lower temperature (maximum near 300 °C, Figure 75). The peak at 290 °C in Na- 
SAz-1 is shifted to 210 °C and masked by that at 300 °C. In the dehydroxylation region the 
evolution of CO2 appears in two broad and prolonged peaks (500-760 °C). These two 
maxima are observed at 600 and 700 °C. The intensities of the latter two peaks are higher 
than that for Na-SAz-1.
Figure 76 shows the changes in the weight loss curves for both series of samples. A weight 
loss of 5% in the region of 500-800 °C is clearly noticed in Na-SAz-1, which indicates that 
the contribution of CO2 is not significant and it is mainly due to the dehydroxylation of the 
clay. The weight loss in the region of 140-500 °C increased linearly with the number of 
carbon atoms, as expected. This trend is not reflected in An-SAz-1 samples, which show a 
weigh loss >10% between 500-800 °C. In this case CO2 presents a considerable influence. 
The weight loss in the region of 140-500 °C increased with the carbon chain length, but the 
decomposition takes place over a wider range than Na-SAz-1. The maxima temperatures are 
relatively stable (Figure 75) for both Na- and An-SAz-1. However, in the former the 
maximum at 380-430 °C is higher than in the latter at 290-330 °C.
The percentages of expected weight loss from each organocation in each clay are given in 
Table 20 where the weight loss determined by TGA in the region of 140-500 °C is also 
reported to provide a comparison.
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Figure 73. Showing the 3D-FTIR spectra for the decomposition of SAz-Na-C6NH3+.
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Figure 74. Showing the 3D-FTER spectra for the decomposition of SA-An-Ci2NH3+.
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Figure 75. Showing the maxima decomposition temperatures for Na- and An-SAz-1.
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Figure 76. Weight loss curves at different temperatures for Na-SAz-1 and An-SAz-1.
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SAz-1 SWa-1 JP ST
c 6n h 3+ 10.8 (14.0) 11.5 (11.9) 9.3 (14.1) 8.6 (13.9)
c 8n h 3+ 13.5 (18.0) 14.1 (12.6) 11.5 (13.6) 10.7 (14.2)-
CioNH3+ 15.9 (20.1) 16.7 (17.8) 13.6 (15.5) 12.7 (16.1)
Ci2NH3+ 18.2 (23.6) 19.1 (18.5) 15.7 (18.0) 14.6 (18.0)
Ci4NH3+ 20.4 (25.5) 21.4 (20.6) 17.6 (23.7) 16.4 (18.8)
Ci6NH3+ 22.5 (27.8) 23.5 (24.5) 19.5 (23.8) 18.2 (21.6)
Table 20. Percentages of expected weight loss from each organocation in each clay. 
Figures in parenthesis represent the percentage of weight loss detected by TGA for Na- 
alkylammonium clays in the region of 140-500 °C.
As can be seen from Table 20, the weight losses increase as the carbon chain length 
increases. There is a correlation between the calculated weight losses (from the CEC of each 
clay) and the experimental values observed by TGA in the region of 140-500 °C. In this 
region contribution of physisorbed water and evolution of CO2 to the thermograms are 
insignificant. The differences in weight losses among the clays are explained in terms of their 
CECs.
JP
The behaviour of Na-JP and An-JP samples is similar to that of SAz-1 counterparts. The TG 
traces are shown in Figures 77a and 77b. The desorption/decomposition for Na-JP samples 
results in a sharp and intense peak near 420 °C. This maximum shifted to lower temperatures 
as the carbon chain length increased. Another broad and weak peak is observed near 300 °C, 
which is more obvious in samples with short carbon chain lengths. In the dehydroxylation 
region two peaks of weak intensity developed at 630 and 750 °C.
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In An-JP samples the decomposition of the alkvlammonium ions occurs at lower
temperatures than for Na-JP (near 300 °C). This maximum is slightly shifted to higher
temperatures with the increment of carbon chain length. A small peak at 230 °C starts to
occur in samples with the highest carbon chain lengths. In the dehydroxylation region, two
intense peaks are also noticed, with maxima at 600 and 720 °C. An approximate weight loss
of 5% was observed in Na-JP and 10% in An-JP in the region of 500-800 °C. This
observation further supports the findings previously discussed for SAz-1. The weight loss
increased as the chain length increased (Table 20), and the Na-JP (380-430 °C) samples are
thermally more stable than An-JP (290-300 °C).
ST
In Na-ST samples, the maximum associated with the decomposition of the alkylammonium 
ions appears near 360 °C (Figure 78a). However, it shifted to higher temperatures as the 
chain length increased (Cm and Cm). The peak at 280 °C is also noticed and is less 
pronounced as the chain length increased, in which it is overlapped by that at 360 °C. The 
dehydroxylation results in a very sharp and intense peak near 600 °C. In the ST-Na-Ci6NH3+ 
sample this peak appears at 660 °C.
In the autotransformed samples (Figure 78b) the breakdown of the organocations is found 
near 270 °C and the formation of CO2 combined with the dehydroxylation appears as a broad 
and prolonged band extending from 340 to 620 °C.
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ST samples show a similar trend to those derived from SAz.-l and JP. Certainly, in Na-ST
only a weight loss of 6% was observed between 500-800 °C, which indicates that, as
described before, only the dehydroxylation significantly contributes to this loss, the evolution
of CO2 being negligible. In An-ST this loss was >10% demonstrating that in autotransformed
samples the formation of CO2 from carbonaceous deposits has a significant influence. Again,
in the region of 140-500 °C the weight loss increased sharply in Na-ST, but not in An-ST.
The decomposition temperature maxima are essentially constant in both series of samples
and once more Na-ST samples are more stable than those of An-ST.
SWa-1
Na-SWa-1 samples present two maxima at 250 and 330 °C (Figure 79a). These peaks appear 
at slightly higher temperatures in the other clays studied. As the alkylammonium chain length 
increased from CioNH3+ to Ci6NH3+ another peak next to the 330 °C is developed (at 400 °C). 
The intensity of the latter is lower than the former in CioNH3+ and Ci2NH3+ samples, but the 
peak at 400 °C is more intense when Ci2NH3+ or Ci4NH3+ was intercalated. The 
dehydroxylation is manifested in a maximum near 660 °C.
An-SWa-1 samples displayed a similar behaviour to their Na-counterparts (Figure 79b), 
except that the second peak at 400 °C starts to occur from Ci2NH3+ and it possesses the same 
intensity as that at 330 °C in Ci2NH3+ and Ci4NH3+. Nonetheless, in Ci6NH3+ the intensity of 
the 330 °C is much higher than for 400 °C. In these series of samples the intensity of the 
dehydroxylation peak is lower than that of Na-SWa-1 samples and occurs at a higher 
temperature (680 °C). However, in SWa-An-Ci6NH3+ sample it appears at 620 °C.
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In this particular clay, the dehydroxylation region (500-800 °C) for both Na-SWa-1 and for
An-SWa-1 presents the same weight loss (approximately 7%), indicating that the formation
of CO2 is insignificant (Figure 80). In both series of samples, the weight loss in the range
140-500 increased as the number of carbon atoms increased. Additionally, no differences in
temperature maxima were observed between Na-SWa-1 and An-SWa-1 (Figure 81). Perhaps
there was no air leak in the SWa-1 samples.
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Figure 80. Weight loss curves at different temperatures for Na-SWa-1 and An-SWa-1.
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Figure 81. Showing the maxima decomposition temperatures for Na- and An-SWa-1.
General trends:
•  The organoclays prepared from the Na-forms were more resistant to thermal
decomposition than those resulting from the autotransformation procedure, which indicates 
that both series of samples underwent different decomposition routes. This was true for 
samples derived from SAz-1, JP and ST. Nevertheless, this trend was not reflected in samples 
derived form SWa-1, in which the thermal stability of the organoclays obtained from the Na- 
form was similar to the autotransformed organoclays.
•  The weight losses registered for autotransformed organoclays were higher than for Na-
form organoclays, despite the fact XRD revealed more reduced interlayer spacing after 
autotransformation.241
• The untreated clays do not have a significant H2O/CO2 maximum at temperatures >500 °C 
whereas there is considerable amount of CO2 combined with water in the autotransformed 
samples (except for SWa-1).
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e The weight loss in the region of 150-500 °C increased linearly with the increment of the
molecular weight of the alkylammonium ions for Na-form, but not for autotransformed 
organoclays, where the increment was not linear. This observation is in complete agreement 
with the results reported by Cowan and White,145 Theng, et al.,146 Vansant and 
Uytterhoeven197 and Watson194 who reported that the affinity of the clay for the organocation 
was linearly related to molecular weight of the alkylammonium ion. The greater the chain 
length the greater is the contribution of physical forces.
The considerably higher thermal stability of organoclays prepared from the Na-forms can be 
explained as follows: Na+ cations are very weak and can be easily displaced by 
alkylammonium ions resulting in a strong coordination of the organocation in exchange sites, 
which are more resistant to decomposition by heating. In the autotransformed samples, there 
are protons or octahedral cations occupying exchange sites, these inorganic species are 
strongly bound to the clay surface and the displacement by organocations is not very 
straightforward. Under these circumstances, the alkylammonium ions are weakly associated 
in the interlamellar space. Therefore, the heating process causes a more rapid decomposition 
of the organocations present in the edge sites and in the interlamellar region. Another more 
likely possibility is that the autotransformed clays possess a reduced charge density and 
therefore the alkylammonium ions are desorbed/decomposed earlier in temperature. The 
formation of CO2 in autotransformed samples may possibly be attributed to the Al3+/H+ 
catalysing the breakdown of the alkylammonium ions via Hoffmann degradation (see section 
5.3.3.1, Chapter 5).
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The greater weight loss registered in autotransformed samples in comparison with Na-
counterparts may be ascribed to (i) the generation of a more hydrophobic surface during the
autotransformation process or (ii) that more of the organocations are lost during
autotransformation. Perhaps there is still carbon on the surface of the Na-form clays.
There is no clear explanation for the unexpected behaviour observed in SWa-1. A possible 
reason can be that this clay presents the lowest incorporation of organocation in the 
interlamellar space (53%) compared with the other clays (Table 21).241
SAz-1 JP ST SWa-1
Ct 1.20 1.0 0.92 1.27
Ct,An 0.88 0.97 0.82 1.04
AQ 0.32 0.03 0.10 0.23
Ci,An 0.84 0.76 0.82 0.68
Ci,Ai/Ct 70 76 89 53
Table 21. Changes in the total CEC (Ct) derived from potentiometric titration and 
interlamellar CEC of autotransformed clays (Ci^n).241
Certainly, the values presented in Table 21 indicate that SWa-1 has a considerable 
concentration of exchange sites located on the external surface. In other words, a significant 
fraction of the alkylammonium ions reside on those sites and therefore, the heat treatment 
may easily induce the desorption/decomposition of the organocations at the same temperature 
in both Na-SWa-1 and An-SWa-1. In the other clays, the organocations reside on 
interlamellar exchange sites (>70% CEC), in which, as explained before, the interactions are
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stronger in Na-forms than in An-forms. As a result, the former present a higher thermal
stability. From Table 21, it is clear that autotransformation reduces the charge density,
especially in SAz-1 and SWa-1.
7.2.2 Real-Time TG-FTIR
As it has been shown, the desorption/decomposition mechanism of the alkylammonium ions 
(using the Mettler thermobalance) from the Na-forms was different than with the An-forms. 
For this reason, the gases evolved during the heating process of all C6NH3+ and Ci2NH3+ 
alkylammonium ions for both the Na-form and the autotransformed clays were followed by 
Fourier Transform Infrared Spectroscopy in order to investigate these systems in more detail.
Figure 82 shows the total infrared chromatogram evolution of aliphatic species, carbon 
dioxide, ammonia and water as a function of time for (a) ST-Na-C6NH3+ and (b) ST-Na- 
Ci2NH3+, the total weight loss curve and the reconstructed chromatogram are also included. 
The same series of samples derived from autotransformation are represented in Figure 83.
In Figure 82a (ST-Na-CeNH3+) there is a broad band in the reconstructed chromatogram from 
25 to 45 min. In this time range, it is clearly seen that this band contains contributions from 
the breakdown of the alkylammonium ions to give mainly aliphatic hydrocarbons, ammonia, 
water and a small amount of carbon dioxide. The aliphatic species present two maxima at 31 
and 39 min (310 and 472 °C), the desorption of ammonia also has two maxima, but not well 
resolved, the highest maximum is centred at 36 min (428 °C). The maximum of water occurs 
at 35 min (384 °C). After 45 min, only the evolution of CO2 is observed in the chromatogram, 
which reaches the maximum absorbance at 63 min (950 °C).
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Figure 82b (ST-Na-Ci2NH3+) shows a similar behaviour. However, the maximum for the
evolution of aliphatic hydrocarbons appears at a slightly earlier time 37 min (430 °C). Water,
ammonia and CO2 appeared at the same time as those for ST-Na-C6NH3+. No evolution - of
hydrocarbon desorption was observed at high temperature. In ST-Na-Ci2NH3+ the
decomposition seems cleaner than ST-Na-C6NH3+ over a narrower temperature range.
According to the results obtained from the Mettler thermobalance, Figure 82 should have a 
sharp peak near 600 °C (see Figure 78). However, such a peak is absent in both Figures 82a- 
b, even at the same temperature (600 °C, 46 min). The differences in evolved temperatures 
and times between the Cahn and Mettler thermobalances can be explained as follows: in the
3 • -1Cahn the crucible is much bigger than the Mettler and the nitrogen flow rate was 70 cm min' 
in the former and 30 cm3 min'1 in the latter. Certainly, the heat transfer in the crucible of the 
Cahn thermobalance is more effective than that of the Mettler, this effect combined with the 
higher N2 flow rate allows the quick entrainment of the species evolved and then shifts the 
peaks to a lower temperature.
The decomposition of alkylammonium ions in autotransformed samples occurs at a lower 
temperature than in those derived from the Na-form, as was shown in the previous section. 
Indeed, the maxima for the evolution of CH species in ST-An-C6NH3+ (Figure 83a) appeared 
at 27 and 33 min (250 and 353 °C). Ammonia is found in a very broad band centred at 32 min 
(330 °C), as well as water, the maximum for CO2 occurs at 64 min (977 °C).
In ST-An-Ci2NH3+ (Figure 83b) the two maxima for the evolution of CH are more obvious at
29 and 34 min (280 and 380 °C), the maximum for water is reached at 31 min (310 °C). The
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Water: 3700 - 4000 cm'1
Ammonia: 850 - 1275 cm'
C 02: 2200-2500 cm'
Aliphatic: 2800 - 3100 cm'
Reconstructed Chromatogram
TG: wgt
Time (min)
Water: 3700 - 4000 cm'
Ammonia: 850 - 1275 cm'1
C 02: 2200 - 2500 cm'
Aliphatic: 2800 - 3100 cm'
Reconstructed Chromatogram
TG: wgt
Time (min)
Figure 82. FTIR chromatogram for the decomposition of alkylammonium ions from (a)
ST-Na-C6NH3+ and (b) ST-Na-CI2NH3+.
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Water: 3700 - 4000 cm’1
Ammonia: 850 - 1275 cm'
C 02: 2200 - 2500 cm’
Aliphatic: 2800 - 3100 cm’
Reconstructed Chromatogram
TG: wgt
504020 30 6010
Time (min)
Water: 3700 - 4000 cm'
Ammonia: 850 - 1275 cm'1
C 02: 2200 - 2500 cm’
Aliphatic: 2800 - 3100 cm'
Reconstructed Chromatogram
TG: wgt
20 3010 40 50 60
Time (min)
Figure 83. FTIR chromatogram for the decomposition of alkylammonium ions from (a)
ST-An-C6NH3+ and (b) ST-An-Ci2NH3+.
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maximum for ammonia again is observed at 32 min (330 °C) and finally the maximum for
CO2 appears at 63 min (959 °C). The evolution of CO2 contributes to rising baseline in Figure
78b and also the maximum at 30 min (280 °C) coincides with that at the same temperature in
Figure 78a-b.
The evolved time and temperature of the species involved in the decomposition process for 
all samples are gathered in Table 22, where only the highest maxima are listed. In general, 
the decomposition of the organocations occur between 3 1 - 3 9  min (310-470 °C), in this 
range, the species present are water (for SWa-1 and ST), ammonia, aliphatic hydrocarbons 
and a small amount of CO2 . The evolution of CO2 at this stage, as mentioned before, 
indicates that the alkylammonium ions undergo thermal degradation. As the temperature 
increases the absorbance of the bands associated with CH (2868, 2937 and 2972 cm*1), NH3 
(931 and 960 cm*1) and H2O (3500-4000 cm*1) gradually decrease and the bands of CO2 
(2328 and 2368 cm*1) and CO (2183 and 2108 cm*1) start to increase (Figures 73 and 74).
As can be seen from Table 22, some samples did not present maxima for the evolution of 
water (SAz-1 and JP). Indeed, in the FTIR chromatogram, the desorption of water resulted in 
a flat line throughout the heat treatment of all these samples. Figure 84 shows the 
contribution of water, ammonia, aliphatic species and carbon dioxide for SAz-Na-CeNH3+ 
and SAz-An-C6NH3+. In SAz-Na-C6NH3+ two maxima for the evolution of aliphatic 
hydrocarbons are observed at 33 and 38 min (350 and 451 °C), ammonia presents two 
maxima at 3 5  and 38 min (380 and 451 °C) whilst CO2 shows three small peaks at 24, 33 and 
39 min (160, 350 and 470 °C).
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Sample Water 
min / °C
Aliphatic 
min / °C
Ammonia 
min / °C
C02 
min / °C
SW-Na-C6NH3+ 32/330 36/411 34/363 61/924
SW-Na-Ci2NH3+ 33 /350 38/451 33 /354 49 / 688
SW-An-C6NH3+ 31/308 34/385 35/400 47/635
SW-An-Ci2NH3+ 31/308 34/385 31/308 57/830
SAz-Na-C6NH3+ — 38/451 38/451 52/751
SAz-Na-Ci2NH3+ — 34/380 33 /356 63 / 953
SAz-An-C6NH3+ — 36/415 33 /353 48/650
SAz-An-Ci2NH3+ — 37/421 32/331 52 / 750
ST-Na-C6NH3+ 35/384 39/472 36/428 63 / 958
ST-Na-Ci2NH3+ 35/384 37/430 36/428 63 / 958
ST-An-C6NH3+ 32/330 33/353 32/330 64 / 977
ST-An-Ci2NH3+ 31/310 34/380 32/330 63 / 959
JP-Na-C6NH3+ — 38/450 38/450 63 / 960
JP-Na-Ci2NH3+ — 37/420 35/390 63 / 960
JP-An-C6NH3+ — 38/451 38/451 45 / 588
JP-An-Ci2NH3+ — 37/420 37/420 47 / 630
Table 22. Maxima decomposition time and temperature for alkylammonium clays.
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a SAz-Na-CfiNHj'
Ammonia: 800 -  1275 cm"
Water: 3700-4000 cm'1
C 02: 2200 -  2500 cm'
Aliphatic: 2800 -  3100 cm'
Reconstructed Chromatogram
TG: Wgt
Time (min)
b SAz-An-CsNHj'
Water: 3700 -  4000 cm'
Ammonia: 8 0 0 - 1275 cm'
CCh: 2200-2500 cm'
Aliphatic: 2800 -  3100 cm'1
Reconstructed Chromatogram
Time (min)
Figure 84. FTIR chromatogram for the decomposition of alkylammonium ions from (a)
SAz-Na-C6NH3+ and (b) SAz-An-C6NH3+.
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In SAz-An-C6NH3+ the contribution of aliphatic hydrocarbons to the total chromatogram has
two maxima at 31 and 37 min (310 and 420 °C), ammonia appears as a broad band centred at
33 min (350 °C) and finally CO2 is developed as a prolonged band from 28 min to 60 min
with maximum at approximately 48 min (650 °C). In both samples water is not shown. It
could be possible, perhaps, to infer that water in these particular samples is used to form
carbon dioxide due to the earlier appearance of CO2, especially in SAz-An-C6NH3+.
Additionally, SAz-1 and JP present a low water content.
The percentages of total weight loss, of selected samples, determined from both Cahn and 
Mettler thermobalances are listed in Table 23. For both thermobalances the weight loss 
detected in An-samples was higher than for Na-clays. In the Mettler this difference is more 
obvious than for the Cahn. The percentages of weight loss observed are different in both 
thermobalances, being in the Mettler much higher. The explanation for this dichotomy may 
be due to that in the Mettler there might have been incorporation of air giving rise to the 
production of CO2 . In the Cahn, this effect is avoided because the system is more sealed and 
only the formation of coke takes place.
SAz-1 SWa-1 JP ST
Cahn Mettler Cahn Mettler Cahn Mettler Cahn Mettler
Na-Ce 16.2 22.3 15.3 17.4 13.4 19.0 15.3 20.0
An-Ce 18.3 25.2 16.3 19.6 13.5 20.3 16.5 27.3
Na-Ci2 25.1 31.0 18.3 24.3 15.2 23.5 18.8 24.6
An-Cn 26.1 30.8 19.2 23.5 16.1 26.0 22.9 31.3
Table 23. Percentages of total weight loss determined by Cahn and Mettler 
thermobalances.
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7.3 Summary of Thermal Stability Investigation
In this study, it has been demonstrated that the thermal stability of alkylammonium samples 
derived from the Na-clays was higher than those resulting from autotransformation. The 
results were explained in terms of the high coordination strength of the organocation in 
exchange sites in Na-clays. A clay with high octahedral iron (SWa-1) showed no differences 
in thermal stability, this particular clay presented the lowest CEC value in the interlamellar 
space.
The weight loss in autotransformed samples was higher than for Na- counterparts. This trend 
was ascribed to the generation of more hydrophobic surface during the autotransformation 
process. In general the weight loss increased as the carbon chain length increased.
The weight loss in the region of 500-800 °C was almost 5% in all Na-clays and was mainly 
due to the dehydroxylation of the clay, the contribution of CO2 being insignificant. In An- 
clays the weight loss was >10% and CO2 presented a significant influence. It is thought that 
Al3+/H+ may have catalysed the breakdown of the alkylammonium ions via Hoffmann 
degradation. There were discrepancies between the weight loss values obtained from Cahn 
and Mettler thermobalances.
TG-FTIR results revealed that all samples underwent similar decomposition behaviour and 
that during the heat treatment of alkylammonium clays, the organocation is decomposed to 
produce ammonia, aliphatic hydrocarbons, water and small amounts of CO2 . Further work is 
required to identify the nature of the aliphatic hydrocarbons by TG-OTM-GC-MS.
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8.0 Introduction
The catalytic activity towards the isomerisation of a-pinene of four acid-activated 
organoclays [AAOCs (SWy-2, STx-1, SAz-1 and Sap-Ca)] prepared using 
tetramethylammonium (TMA+) cations with variable acid concentrations was investigated. 
The catalytic ability of the AAOCs was compared with samples prepared in the absence of 
TMA+, acid-activated clays (AACs). Aluminium-activated organoclays (AlAOCs), using 
TMA+ cations, and aluminium-activated clays (AlACs) were also studied. AlAOCs derived 
from SWy-2 using divalent organocations of different shapes (l,4-diazabicyclo[2.2.2]octane, 
DABCO and 1,5-diaminopentane, DAP) were evaluated. The test reaction was applied to 
montmorillonites saturated with various inorganic cations (Al, Ca, Mg, Na and Ni) to study 
the effect of the interlayer cation on the catalytic activity.
The adsorption of hept-l-ene, heptan-l-ol and heptan-2-ol (at room temperature) on one of 
the most active clays (STx-1) in the form of AlACs and AlAOCs was carried out in order to 
identify the products that are desorbed at certain temperatures. Finally, the last part of the 
thesis was addressed to evaluate the thermal stability of four clays (SWa-1, ST, SAz-1 and 
JP) exchanged with quaternary ammonium (n-alkylammonium) of variable carbon chain 
length (C6 -  Ci6) into Na-exchanged and autotransformed clays. The general findings will 
now be summarised to give appropriate additional information.
8.1 Catalysis by AACs and AAOCs
8.1.1 Nature of the Clay
It was shown (section 4.2.1, Figure 35), that the nature of the raw clay played an important
role in the catalytic properties of the AACs. In the absence of TMA+ both Sap-Ca and STx-1
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were more effective catalysts for the process than SWy-2 and SAz-1. Clays from different
deposits were attacked to different levels by the same acid treatment. For example, the high
activity of Sap-Ca was attributed to the extensive leaching of the clay as acid treatment
progressed because it possesses a magnesium rich octahedral sheet. The total conversion for
AAOCs derived from SWy-2 exhibited the largest increase in yield (from 50% for SWy-2-H)
to 88%, which incidentally represented an eightfold increase over SWy-2-TMA/H. The
conversion over STx-1 -TMA/H samples increased slightly from 62% to 73% whereas the
yields for Sap-Ca-TMA/H and SAz-1-TMA/H samples decreased from 60% to 50% and
from 35% to 20%, respectively.
8.1.2 Extension of the Acid Treatment
The reduction in activity of Sap-Ca-TMA/H was attributed to the occupancy of TMA+ 
cations into the available surface created by the protonic attack of the octahedral sheet, 
rendering these active sites inaccessible to a-pinene molecules (section 4.2.1, Figure 37). 
Under those circumstances, a-pinene molecules only accessed the acid sites in the 
interlamellar space. SAz-1-TMA/H presented a very low H* content and a high TMA+ 
content (section 4.1.4, Table 9) which represents a reduction in available acid centres for the 
isomerisation of a-pinene\
A direct comparison of the catalytic activity of all four clays was not possible due to the 
depletion of the octahedral sheet of Sap-Ca. Aluminium-activated clays and organoclays 
were prepared to compare the clays directly. However, another route to achieve this aim 
could be the acid treatment of SWy-2, STx-1 and SAz-1 at high temperature (95 °C) for 
different times (30, 90 and 180 min). This acid treatment would cause a considerable
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depletion of the octahedral sheet of SWy-2, STx-1 and SAz-1, making them similar to mild
acid treated Sap-Ca.
8.1.3 Effect of the Organocation
The catalytic activity and the thermal stability of AAOCs derived from SWy-2 and prepared 
with TMA+ were compared with those of SWy-2 exchanged with trimethylphenylammonium 
ions (TMPA*). It was found that the total a-pinene conversions for SWy-2-TMPA/H samples 
(section 4.2.2, Figure 39) were relatively lower than those of SWy-2-TMA/H, with 40-50% 
less at a lower acid-activation treatment (12-48 mmol H4). As the severity of the acid 
activation increased, the activity for SWy-2-TMPA rose, but the conversions were still 10- 
20% lower in comparison with SWy-2-TMA/H samples. This reduction in activity, in 
samples treated at low acid concentration, was attributed to the significantly higher TMPA+ 
content, which proved more resistant to displacement by protons than did TMA4. The 
thermal stability of TMPA+ was higher than that for TMA+. Additionally, TG analysis of 
SWy-2-TMPA/H samples showed two maxima at 580 and 700 °C, and they were attributed 
to the production of CO2 in two stages, the first from the phenyl-ring and the second from the 
methyl groups. However, the assignments for these maxima are not yet clear, and further 
work is required to study the gases evolved during the heat treatment of SWy-2-TMPA/H 
and SWy-2-TMA/H by real-time TG-FTIR to precisely assign those maxima.
8.1.4 Resistance of TMA+ Cations
In this part of this study, it was found that TMA+ cations, at a fixed amount (1 CEC), was 
able to compete effectively for exchange sites when in simultaneous competition (in aqueous 
solution) with higher amounts of acid (120 CEC). Breen’s group24,25 prepared samples with a
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fixed amount of organocations or polycation and then displaced (partially or completely) it
from the clay surface using acid treatment. More work is needed to evaluate the
displacement of protons by organocations when samples are initially acid activated and to
compare the catalytic activity of the resulting samples.
8.2 Catalysis by AlACs, AlAOCs and IECs
8.2.1 Effect of the Aluminium and TMA+ Content
It was shown that the total a-pinene conversion varied with the aluminium content in AlACs 
and in AlAOCs (section 5.1.3, Figure 44). The maximum conversions obtained were very 
similar to those observed using Ef- and FT/TMA+-exchanged clays (section 4.2.1) and were 
directly comparable with the values of 80% and 90% for zeolite, pillared clays and Pt/AFOs 
catalysts as reported in the literature. The type of clay used had a significant influence on the 
total conversion obtained using the isomerisation of a-pinene. In either the absence or 
presence of TMA+ both Sap-Ca (90%) and STx-1 (84%) were more efficient catalysts for the 
process than SWy-2 (69%) and SAz-1 (27%). In all cases the presence of Al3+ resulted in an 
improved catalytic activity. The AlAOCs gave lower conversions than their AlACs 
counterparts with low Al3+ content (10-40% CEC). However, the values were similar at Al3+ 
contents > 50% CEC when the amount of TMA+ present was gradually decreased. The 
reduced conversion of a-pinene to its isomers in AlAOCs suggested a significant reduction 
in the number of acid centres available because of displacement of protons by TMA+ cations 
with the concomitant drop of the acidity and the catalytic activity.
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8.2.2 Aluminium Ions Kept the Layers Expanded in Presence of Pinene
VT-XRD data demonstrated that AlACs saturated with a-pinene (section 5.1.7, Table 14) 
hold the layers apart in a wide range of temperatures. This result indicated that the AlACs 
presented expanded layers allowing the reactant molecules to access the interlamellar region 
and to reach the acid centres, as well as in samples with low TMA+ loadings (20-30% CEC). 
This conclusion explained the similarity in catalytic activity showed by AlAOCs and AlACs 
at higher aluminium contents (e.g., >70%).
8.2.3 The Charge Reduction Improved the Activity
The poorest catalysts for the isomerisation of a-pinene were, in all cases, those derived from 
the SAz-1 source clay. This behaviour was attributed to the highest layer charge and 
suspected inability to expand the layers in AACs. Preliminary results demonstrated that Li- 
charge reduction of Na-SAz-1 samples caused a significant improvement in the catalytic 
activity (section 5.1.8, Figures 50 and 51). The highest conversion (67%) was observed when 
SAz-1 was charge reduced by 50% of the original CEC. However, in these series of samples, 
only the effect of aluminium was studied, therefore, further work is necessary to evaluate the 
combined effect of TMA+ and Al3+ cations on reduced charge samples, as well as the 
extension of temperature and time of activation.
8.2.4 The Shape and Valence of the Organocation Influenced the Activity
The shape and valence of the organocation affected the conversion of a-pinene. The order of 
activity was A13+/TMA+ (60%) > Al3+/DABCOH22+ (38%) > A13+/DAPH22+ (13%). DAPH22+ 
cations showed the highest resistance to displacement by Al3+ or FT and resulted in a strong 
blocking effect for the a-pinene. TMA+ and DABCOH22+ cations presented higher d-
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spacings than DAPH22+, which favoured the ingress of the reactant molecule. The increase in
Al3+ content did not enhance the activity. The acidity of Al3+/DABCOH22+ and A13+/DAPH22+
samples was governed by the presence of protons arising from different competition
equilibria (section 5.2.4, Figure 57). Further experimental work is required to fully
understand A13+/DAPH22+ and Al3+/DABCOH22+ systems and to elucidate which source of
protons contributes to the catalytic activity, especially for Al3+/DABCOH22+ catalysts, which
displayed a better activity than those of A13+/DAPH22+. One way could be the use of
commercial available DABCO-2HC1 and DAP-2HC1. This could avoid the participation of
free protons from solution when both organocations are protonated with HC1. Molecular
modelling calculations would help establish the dimensions of DAP and DABCO to correlate
them with the d-spacings and the molecular dimension of a-pinene. This would give an idea
of whether or not pinene can access the interlamellar region, especially in SWy-2-H/DAP
samples.
A direct correlation between the activity and the acidity was not possible in SWy-2-Al/DAP 
and SWy-2-Al/DABCO samples (using the desorption of cyclohexylamine) because both the 
desorption/breakdown of cyclohexylamine and DAP or DABCO appeared at the same 
temperature. Determinations of the acidity using pyridine may give a better correlation.
8.2.5 The Exchange Treatment and the Interlayer Cation Affected the Activity
The exchange treatment displayed a remarkable effect on the total conversion of a-pinene. It 
was found that fully-exchanged samples were more effective catalysts for the process than 
those prepared when the natural clays or the Na+-exchanged forms were exchanged with the 
right amount of cations to satisfy the CEC. The order of activity for ion-exchanged samples
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was Al3+ > Ni2+ > Mg2+ > Ca2+ > Na+. Sap-Ca samples were more active than SWy-2 and
SAz-1 clays. The activity did not correlate well with the surface acidity of the ion exchanged
clays (section 5.3.2, Table 16), determined by the desorption of cyclohexylamine. Again,
pyridine adsorption (followed by IR) could provide a better correlation of the acidity with the
activity.
8.2.6 Cyclohexylamine Decomposed as the Temperature Increased
FTIR-MS analysis of the gases evolved during the thermal desorption/decomposition of 
cyclohexylamine from ion-exchanged clays demonstrated that the base breaks down to 
produce ammonia, cyclohexene, 1,3-cyclohexadiene, benzene, cyclopentene, 1,3- 
cyclopentadiene, carbon monoxide and carbon dioxide. The results were explained using 
Hofmann degradation. The evolution of CO and CO2 was due to the combination of 
carbonaceous deposits with water. The desorption of cyclohexylamine exhibited a different 
mechanism, especially in Ni2+-SCa. It was observed that all these products evolved at the 
same time.
8.3 Adsorption of Hept-l-ene and Alcohols
8.3.1 Protons from Polarised Water Improved the Reaction Process
The thermal desorption of hept-l-ene from AlACs gave products of isomerisation, hydration, 
oligomerisation and dehydrocyclisation (section 6.4, Figure 68). It is thought that the 
carbenium ion was the major adsorption state due to the considerable number of acid sites 
arising from the high polarisation power of aluminium.
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The presence of TMA+ cations reduced the formation of oligomeric products (section 6.6,
Figure 70). The acid centres available might have been used to selectively generate isomers
and hydration products. The interaction of hept-l-ene with AlAOCs at high temperature (100
°C) in a closed vessel reactor will be an important test to further support this assumption.
It was not possible to detect hydrocarbons <C$, because the trap used (Vocarb 4000) did not 
work efficiently in that range. The use of a trap that retains these fractions would permit a 
more detailed characterisation of all desorbed compounds. Additionally, the utilisation of a 
more effective capillary column to better separate all the isomeric products would be very 
useful, and also to determine whether or not the current column is bleeding.
8.3.2 Formation of Hept-l-ene from Heptan-1- and -2-ol
Due to a lack of time, the desorption of heptan-1-ol and heptan-2-ol was studied only by TG 
analysis. It was found that samples with a high amount of Al3+ (80%-100%) developed a 
series of weak and prolonged peaks in the region of 280-500 °C (section 6.5, Figure 71). 
They were deliberately attributed to the desorption of hept-l-ene and/or oligomeric species. 
Further experimental work is required to fully characterise the gases evolved during the 
thermal desorption of these alcohols by TG-FTIR and TG-OTM-GC-MS and to corroborate 
these assumptions.
8.4 Organoclays of Increased Carbon Chain Length.
8.4.1 Evaluation of the Thermal Stability
It was observed that organoclays prepared from alkylammonium ions of different carbon
chain lengths from the Na-forms were more resistant to thermal decomposition than those
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resulting from autotransformation (section 7.1.2, Figures 72, 77 and 78) for SAz-1, JP and
ST. However, this trend was not reflected in SWa-1 (section 7.1.2, Figure 79), in which Na-
and autotransformed samples showed the same thermal stability. The findings for SAz-1, JP
and ST were explained in terms of the better effectiveness of the alkylammonium ions to
displace Na+ (in Na-clays) than Al3+, Fe3+, Mg2+ or H+ (in autotransformed clays), resulting
in a stronger interaction in the former than in the latter. SWa-1 presented the lowest CEC in
the interlamellar region, which means that a significant amount of alkylammonium ions
reside on the external surface, therefore no significant differences were expected between
Na- and autotransformed samples.
In general, the weight loss of alkylammonium in autotransformed samples was higher than 
for Na-form clays. The weight loss in the region of 500-800 °C was almost 5% in all Na- 
clays and was mainly due to the dehydroxylation of the clay, the contribution of CO2 being 
insignificant. In autotransformed clays the weight loss was >10% and CO2 presented a 
significant influence. It is thought that Al3+/H+ may have catalysed the decomposition of the 
alkylammonium ions via Hoffmann degradation.
The percentages of weight loss determined from Cahn and Mettler balances were different, 
being in the latter much higher (section 7.2.2, Table 23). The results were explained in terms 
of the incorporation of air in the Mettler that gave rise to the production of CO2 . Cahn’s 
system is more sealed and only the formation of coke took place. Further work is required to 
prove these inferences, especially the carefully checking of all the possible sources of air 
incorporation in the Mettler balance and then the re-running of selected samples.
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8.4.2 Decomposition Mechanism
The heat treatment of the organoclays resulted in the evolution of ammonia, water, aliphatic 
species and small amounts of carbon dioxide in the temperature range 310-470 °C. However, 
the identification of the aliphatic species has not yet been established. The thermal 
decomposition of these organocations may result in the formation of alkenes in a similar 
mechanism to that given for the desorption of cyclohexylamine (section 5.3.3.1). TG-OTM- 
GC-MS is needed to further investigate the nature of these hydrocarbons.
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9.1 Postgraduate Study
The courses attended during the period of the research studies are listed below:
Date Location Course Duration
1996-1997 Sheffield Hallam University Crystallography 8 hours
1996-1997 Sheffield Hallam University Infrared Spectroscopy for 
Materials Analysis
8 hours
1997 Sheffield Hallam University Liquid Crystals and 
Polymers
8 hours
1997 Sheffield Hallam University Microscopy and X-ray 
Diffraction
8 hours
1998 Sheffield Hallam University Computational
Chemistry
8 hours
1999 University of Sheffield English for Scientists 15 hours
9.2 Presentations
Part of the results of this thesis have been presented at the following conferences:
1. Presentation entitled “Organoarcillas Activadas con Tratamiento Acido: Actividad 
Catalitica para la Reaction de Isomerizacion de a-Pineno” by A. Moronta and C. Breen.
XVI Simposio Iberoamericano de Catalisis. Cartagena de Indias - COLOMBIA, 23-28 
August 1998.
2. Poster entitled “Preparation, Characterisation and Catalytic Activity of Mildly Acid- 
Activated Tetraalkylammonium-Exchanged Clays” by A. Moronta and C. Breen. Physical 
and Chemical Characterisation of Mineral Suspensions, Mineralogical Society, Clay 
Minerals and Applied Mineralogy Groups. University of Bath - ENGLAND, 7-8 September
1998.
3. Presentation (to be given) entitled “Organoarcillas Activadas con Aluminio: Actividad 
Catalitica para la Isomerizacion de a-Pineno” by A. Moronta and C. Breen. XVH Simposio 
Iberoamericano de Catalisis. Porto - PORTUGAL, 16-21 July 2000.
9.3 Articles Published and in Preparation
The following articles have been accepted for publication:
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Influence of Layer Charge on the Catalytic Activity of Mildly Acid-Activated 
Tetramethylammonium-Exchanged Bentonites.
C. Breen and A. Moronta.
The Journal o f Physical Chemistry, 103 (27), 5675-5680, 1999.
Characterization and Catalytic Activity of Aluminum- and Aluminum/Tetramethyl- 
ammonium Bentonites.
C. Breen and A. Moronta.
Submitted to The Journal o f Physical Chemistry.
The following articles are in preparation:
Effect of the Cation Shape on the Catalytic Activity of Aluminium-Activated 
Organoclays.
C. Breen and A. Moronta 
For submission to Clay Minerals
Preparation, Characterisation and Catalytic Activity of Ion-Exchanged Clays.
C. Breen and A. Moronta.
For submission to Catalysis Letters.
Adsorption of Olefins and Alcohols on Aluminium-Exchanged Bentonites. Identification 
of the Products Formed at Room Temperature by Synergic Chemical Analysis.
A. Moronta, S. Taylor and C. Breen.
For submission to Clays and Clay Minerals.
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SW y-2 (Wyoming), STx-1 (Texas), and SAz-1 (Cheto, Arizona) montmorillonite and Sap-Ca saponite 
(California) were treated with different amounts o f 12 M HC1 and 1 M tetramethylammonium (TMA+) chloride 
solution at room temperature. The catalytic activity o f  these hybrid acid-activated organoclays (AAOCs) was 
directly measured using the isomerization o f a-pinene at 120 °C for 1 h to yield camphene, limonene, and 
other minor products and compared to clays acid-treated in the absence o f  TM A+ cations. The total conversion 
for the isomerization o f a-pinene was excellent for AAOCs formed from SW y-2 (8 8 %) and STx-1 (73%), 
moderate for Sap-Ca (50%), and low  for SAz-1 (20%). Samples treated with TM A+ alone did not exhibit any 
marked catalytic activity. Acid-treated Sap-Ca and STx-1, which contained no TMA+ cations were also effective 
catalysts for the isomerization process. TM A+ cations were unexpectedly resistant to exchange by protons.
Introduction
Acid-activated clays have been used as solid catalysts for 
many years and their activity has been demonstrated in a wide 
variety of reactions. These minerals are highly versatile, 
affording both industrial (petroleum, etc.) and laboratory 
catalysts with excellent activity.1,2 Acid-treated clays are used 
commercially for decolorizing oils and the effect of acid attack 
on properties such as surface area and decolorizing ability have 
been widely studied.3,4 Another commercial usage of acid-treated 
clays is in color formation with leuco dyes in pressure sensitive 
recording paper.5,6
Treatment of clays with cold, dilute acid has little effect on 
the elemental composition o f the host layer and results in an 
essentially proton-exchanged clay, whereas activation with hot 
concentrated acid results in the removal of ions associated with 
the octahedral sheet and may not produce an exclusively proton- 
exchanged clay.7 Recent results obtained after acid-leaching five 
clays of differing elemental composition have shown that the 
type of clay used had little influence on the catalytic activity, 
which was determined mainly by the extent o f octahedral sheet 
depletion and proton content8 However, it is imperative that 
the activation conditions are optimized for a given clay.
It is now accepted that the acid attack on the clay structure 
progresses inward from both the edge and the basal surface of 
the clay platelets, leaching cations, particularly Mg if  present, 
from the octahedral sheet Acid activation causes little damage 
to the silicate layer, and consequently, the structure in the center 
of the platelet at the limit o f acid attack, remains intact4,6,8 
The rate of dissolution of the octahedral sheet is a first-order 
process9,10 that increases not only with increasing concentration 
of acid, temperature, and contact time but also with increasing 
Mg content in the octahedral sheet.3,4,8
It is long established that the hydrophilic nature o f swelling 
clays can be rendered hydrophobic by exchanging the naturally
* Corresponding author. Phone: 444-114-225-3008. Fax: 444-114-225- 
3501. E-mail: CBREEN@SHU.AC.UK.f On leave from Centro de Superficies y Catdlisis, Facultad de Ingenierfa, Universidad del Zulia, Maracaibo 4003A, Venezuela.
occurring inorganic cations (Ca2+, Na+, K+) with organocations 
such as monoalkylammonium,11 tetramethylammonium,12 oc- 
tadecyltrimethylammonium,13 and phenyltrimethylammonium14 
to select a few from an extensive list. The interactions between 
alkylammonium-exchanged montmorillonites and organic com­
pounds have shown that modified montmorillonites are effective 
adsorbents for the improvement o f water quality. When a clay 
mineral has metal cations occupying cation-exchange sites, its 
surface is hydrophilic because of the water molecules solvating 
the cations and is thus not suited to the removal o f poorly soluble 
organic molecules from water.15 However, clays with organic 
cations (possessing long-chain alkyl groups) on the surface 
impart a hydrophobic quality to the mineral surface16 and are 
able to sorb hydrophobic molecules.17,18
In a recent study it was established that mild acid activation 
o f an organoclay could increase the activity o f simple acid- 
treated clays for reactions involving nonpolar reactants.19 In 
particular, tetramethylammonium (TMA+)-exchanged clays 
treated at room temperature with only 0.1 M HC1 proved to be 
effective catalysts for the conversion o f a-pinene to camphene 
and limonene. Total conversions o f  60—80% were obtained, 
making them effective competitors for zeolites and pillared clays 
for this isomerization.20 Moderate success was also achieved 
using polycation exchanged bentonites but similar conversions 
required activation in hot 6 M HC1.21 Both these preliminary 
studies indicated that (i) acid-activated organoclays (AAOCs) 
were more effective when the galleries were not congested with 
large organocations (hence AAOCs derived from TMA+- 
exchanged clays were found to be the most effective), (ii) the 
activity was influenced by the nature o f the starting clay, and 
(iii) preadsorbed TMA+ cations appeared unexpectedly resistant 
to subsequent displacement by protons.
The current investigation was designed to further elucidate 
the factors that influence the activity o f AAOCs toward the 
isomerization of a-pinene. Four source clays o f differing 
elemental composition, charge density, and locus of isomor- 
phous substitution were selected: SWy-2 (dioctahedral, alumi­
num rich bentonite), STx-1 (dioctahedral, bentonite o f low iron 
content), SAz-1 (dioctahedral, magnesium rich bentonite), and
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higher charge density than SWy-2 and STx-1 even though 
isomorphous substitution occurs mainly in the octahedral sheet 
of all three. In contrast, isomorphous substitution in Sap-Ca 
occurs in the tetrahedral sheet. Moroever, because o f  its high 
octahedral magnesium content, Sap-Ca will be extensively 
leached under the mild acid-activation conditions used herein 
and will thus provide an interesting comparison with the activity 
of mildly acid-activated clays, which will lose little o f  their 
octahedral population. In addition, the ability o f TMA+ cations 
to compete with protons for exchange sites has been assessed 
by consistently offering a fixed quantity o f organocation in the 
presence o f increasing quantities o f acid. The properties and 
activities o f the H+/TMA+ clays were compared with catalysts 
prepared without TMA+.
Experimental Section
Materials. Three montmorillonites and one saponite were 
used in this study. The dominant material in these fractions 
were: Na—montmorillonite (SWy-2) (Wyoming), Ca—mont- 
morillonite (STx-1) (Texas), Ca—montmorillonite (SAz-1) 
(Arizona), and Ca—saponite (Sap-Ca) (California). All samples 
were obtained from The Clay Mineral Repository o f the Clay 
Minerals Society and used without further purification. The 
cation-exchange capacities (CEC) o f SWy-2, STx-1, SAz-1, and 
Sap-Ca are: 0.80,0.84,1.20, and 0.92 mequiv (g clay)-1 . Thus 
SAz-1 has a significantly higher charge density than the other 
two montmorillonites.
Equipment and Methods. A 1 g amount o f SWy-2, STx-1, 
SAz-1, or Sap-Ca H+/TMA+ clays was prepared by adding the 
raw clay to a solution containing sufficient 1 M tetramethyl­
ammonium chloride (Aldrich, 97%) to satisfy 1 CEC and 
selected volumes of 12 M hydrochloric acid (Fisons, 38%) to 
prepare solutions with an aqueous H+ content from 1.2 to 120 
mmol (from 1.2 to 120 times the CEC). This approach was used 
to evaluate the effect o f different acid concentrations on the 
organoclays formed using a fixed initial concentration o f TMA+ 
and to survey the competitive sorption behavior between TMA+ 
and H+. H+ clays were made in exactly the same way except 
that the TMAC1 was excluded. Other pretreatments are indicated 
herein. The mixture was kept at 25 °C for 18 h and centrifuged 
at 17 000 rpm for 20 min and the centrifugate washed with 30 
cm3 o f deionized water. Clay samples were dried at 120 °C 
overnight and ground <0.2 mm prior to storage. The acid or 
organoacid treatment is identified in the sample name. Thus, 
SW-12H indicates that SWy-2 was treated with 12 mmol H+ 
and SCa-TMA/120H means that Sap-Ca was treated with 1 CEC 
TMA+ and 120 mmol H+.
Sample Characterization. A  Spectro (Analytical Instrument) 
model P, direct emission spectrometer was used to determine 
the amount o f  Al3+, Ca2+, Fe3+, Mg2+, and Na+ in the 
supernatants from the various preparation procedures.
X-ray powder diffraction traces o f the clays were recorded 
using a Philips PW 1130 diffractometer operating at 30 kV and 
30 mA at a scan rate of 2° 2 6  min-1  using Cu K a radiation (A 
=  1.5418 A).
Thermogravimetic data were obtained on a Mettler TG50 
thermobalance equipped with a TC10A processor. A 7 —10 mg 
sample was weighed into a ceramic crucible and heated from 
35 to 800 °C at 20 °C min-1  under a flow o f 30 cm3 min-1  dry 
nitrogen carrier gas. Samples for thermogravimetry were 
exposed to reagent grade cyclohexylamine for periods in excess 
of 48 h.
Catalytic Activity. To establish the best operational condi­
tions, the a-pinene reaction was carried out under reflux at 80,
Clay at 120 mmol of H+fl
SWy-2 STx-1 SAz-1 Sap-Ca
% Na20  66.4 (1.70)
% CaO 91.0(1.76)
% MgO 18.0(2.77)
%A120 3 1.5(20.6)
% FezOj 8.5 (4.63)
84.2(0.38) 66.6(0.07) 96.5(1.37)
83.5(1.76) 94.6(3.16) 98.4(1.50)
10.3 (3.56) 9.6 (7.24) 54.8 (28.2)
2.2 (16.8) 3.4 (19.7) 43.9 (5.29)
5.1 (0.78) 2.5 (1.59) 42.9 (1.36)
a Figures in parentheses represent the actual weight percentage of 
the oxide in the clay structure.
100, 120, and 140 °C for 2 h using SW-TMA/48H. A 1 cm3 
aliquot of the reaction mixture was taken every 15 min and 
analyzed. It was evident that increasing the reaction temperature 
caused a substantial increase in reactivity. At 80 and 100 °C 
the conversion after the first 15 min was quite low and then 
gradually increased to a maximum of 52% and 72% at 2 h, 
respectively. At 120 °C the activity changed drastically com­
pared with that at 80 and 100 °C. A high percentage yield was 
initially noticed and reached a maximum of 82% after 60 min 
and then remained almost constant. At 140 °C the maximum 
yield was achieved in less than 15 min (90% conversion) and 
was invariant through the total reaction time. GC analysis 
confirmed that no isomerization products occurred as a result 
o f preheating the a-pinene before addition o f the acid-activated 
organoclays. On the basis o f these preliminary results, 120 °C 
and 1 h were taken as optimal conditions to carry out the 
a-pinene reaction using the prepared catalysts. Clay (100 mg) 
was dried at 120 °C overnight to remove water, placed in a 
stoppered container, and left in a desiccator to cool without 
rehydrating. The catalyst was then added rapidly to the preheated 
(120 °C) 10 cm3 (0.06 mol) o f a-pinene (Aldrich 98%, used as 
received) and kept at 120 °C for 1 h. The amount o f camphene, 
limonene, and other minor products was determined using 
capillary GC with FID detection. A packed column 6 ft x  Vg 
in. SS, containing 3% OV 225 chromosorb WHP mesh size 
80/100, with nitrogen carrier gas, was used for all separations. 
The experimental conditions employed were 1 fxL  o f sample, 
isothermal for 10 min at 70 °C, injector and detector temperature 
150 °C, air and hydrogen pressure 20 psi, and nitrogen flow  
rate 10 cm3 min-1.
Results and Discussion
Catalyst Characterization. The relationship between the 
amount o f cation released (reported as percentage o f metal 
oxide) using 120 mmol o f H+ and the total available metal oxide 
content, determined by XRF22 is listed in Table 1. For example, 
54.8% of the available MgO content (28.2 wt %MgO) o f  
saponite was released, which means that there was still 12.8 wt 
% MgO remaining in the leached clay. It can be clearly seen 
that Sap-Ca was substantially affected by the acid treatment. 
The relatively high percentage o f Mg2+ and Fe3+ released from 
SWy-2 is due to Mg2+ cations on exchange sites and dissolution 
o f Fe-containing impurities.
The amount o f metal cation displaced during acid treatment 
and/or TMA+ exchange is shown in Figure 1. It is well-known 
that protons displace the resident exchange cations during mild 
acid treatment while increasing the severity o f  acid treatment 
progressively leaches the basic clay constituents—magnesium, 
iron, and aluminum—at similar rates.23 Complete displacement 
o f the exchangeable Na+ and Ca2+ ions by H+ (or TMA+) was 
observed for all the clays, provided at least 1.2 CEC was used. 
ICP data also confirmed that a small portion o f the total Mg2+ 
content was easily removed from SWy-2, STx-1, and SAz-1
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Figure 1. Percentage of oxide released during acid treatment of (a) 
Sap-Ca and (b) SAz-1: (*) Na20 ; (♦) CaO; (■) A120 3; ( • )  Fe20 3; 
MgO in the absence (▲) and presence (x) of TMA+.
samples, suggesting the presence of Mg2+ on exchange sites. 
However, for Sap-Ca, which contains much more octahedral 
Mg2+, significant amounts o f Mg2+ were released at [H+] > 
10 mmol/g. A gradual increment in Al3+ was observed in the 
leachate from SWy-2, STx-1, and SAz-1 (not illustrated), 
although the total amount removed as a percentage o f A1
- dW/dT
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Figure 2. Derivative thermograms for (a) untreated SWy-2, (b) SW- 
TMA/12H, (c) SW-TMA/24H, (d) SW-TMA/96H, and (e) SW-TMA/ 
120H.
available was small. The addition o f TMA+ to the initial mixture 
had no effect on the removal o f cations from SWy-2, STx-1, 
and SAz-1 because this was simply an ion-exchange process. 
However, it did increase the amount o f Mg2+ released from 
Sap-Ca (Figure la), perhaps because the TMA+ cations propped 
the layers apart and facilitated the ingress o f protons into the 
interlayer space where they could enter the layer through the 
ditrigonal cavity and displace Mg2+. In our previous study,19 
we found that octahedral depopulation was retarded when the 
gallery is fully occupied by alkyltrimethyammonium cations. 
Thus, the nature o f the organocation has an influential role to 
play in the preparation o f  AAOCs.
The diffraction traces (not shown) for H+ clays exhibited 
sharp and intense 001 peaks together with several higher order 
reflections and contained evidence o f small amounts o f crystal­
line impurities. It was found that the 001 reflections were weaker 
and much broader in samples such as SW-TMA/72H and SW- 
TMA/120H, suggesting that the organoclay samples formed 
poorer films than the parent clay materials. XRD traces for Sap- 
Ca samples treated with more than 24 mmol o f  H+ contained 
an amorphous hump24 centered on 22° 2 0 , which is characteristic 
o f  extensively acid-leached clays, in addition to the peaks for 
Sap-Ca.
The derivative thermogram for a fully TMA+-exchanged clay 
(Figure 2) exhibited three maxima near 90, 420, and 620 °C. 
The peak at 90 °C is attributed to loss o f sorbed water and that 
near 620 °C is associated with dehydroxylation o f  the stucture.25 
The maximum near 420 °C corresponds to the desorption and/ 
or breakdown of the TMA+ cations to produce mainly H2O and 
CO2.26 These results confirm that TMA+ was present in the 
clay structure and that the complexes were thermally stable up 
to 280 °C. The reduction in the 420 °C maximum with 
increasing [H+] confirms that H+ was able to compete with 
TMA+ when the [H+] level was high. The amount o f TMA+ 
present in the H+/TMA+ samples was determined using TGA 
and followed the order SAz-1 >  SWy-2 =  STx-1 > Sap-Ca in 
all cases. Moreover, the amount o f TMA+ in SAz-1, SWy-2,
the Samples after Activation
SW-TMA ST-TMA SA-TMA SCa-TMA
0 mmol of H+ 44 47 37 25
1.2 mmol of H+ 60 42 52 34
12 mmol of H+ 42 37 45 26
24 mmol of H+ 32 37 45 22
48 mmol of H+ 30 26 40 22
72 mmol ofH+ 26 24 38 21
96 mmol of H+ 24 24 36 17
120 mmol of H+ 24 24 35 16
100 300 500 700
Temperature °C
Figure 3. Desorption thermograms of cyclohexylamine on (a) SW- 
TMA, (b) SW-12H, (c) SW-TMA/12H, (d) SW-TMA/48H, and (e) SW- 
TMA/120H.
and STx-1 was high even when in competition with substantially 
higher amounts o f  acid. The TMA+ content (as %  CEC) 
remaining in the clays after activation (Table 2) reinforces its 
remarkable resistance to displacement by protons. A  consider­
able amount of TMA+ was present in SWy-2, STx-1, and SAz-1 
even when only 1 mmol o f TMA+ was competing with 120 
mmol of H+. Indeed, the amount of TMA+ on the exchange 
sites was increased by small quantities of acid. ICP-AES analysis 
o f the supernatants confirmed that TMA+ was effective at 
displacing Na+ cations but less able to displace Ca2+ and Mg2+. 
However, it appears that TMA+ was able to displace some o f  
the protons that had already replaced Ca2+ and Mg2+ ions. Much 
less TMA+ was retained in the Sap-Ca samples because the 
number o f cations on exchange sites decreased as the layer was 
leached. It is known that the CEC decreases as the isomorphous 
substitution sites are dissolved away, thus the number of TMA+ 
cations will reduce as Sap-Ca is extensively leached.
To confirm the presence o f protons in the H+/TMA+ samples, 
a selection of samples was exposed to cyclohexylamine vapor 
(Figure 3). Figure 3a shows that the derivative thermogram for 
the desorption o f cyclohexylamine from SW-TMA exhibited 
three desorption maxima (prior to the dehydroxylation peak at 
620 °C), at 60, 140, and 400 °C, which correspond to die loss 
of physisorbed water and the desorpdon of cyclohexylamine 
and TMA+, respectively. Ballandne et al.27 and Breen28 have 
shown in their studies on Al3+—montmorillonites and acid- 
activated montmorillonites that the desorption o f cyclohexy­
lamine from strong acid sites occurs near 300 °C, but there is 
little evidence for such a peak in this sample. In contrast, the
100 100 H* I TMA*-claysH*-clays
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Figure 4. Total conversion for (a, left) natural and acid-treated clays 
and (b, right) TMA+-exchanged and TMA/H clays: (♦) SWy-2; (■) 
STx-1; (▲) SAz-1; ( • )  Sap-Ca.
desorption thermogram of cyclohexylamine from acid-treated 
Wyoming bentonite (Figure 3b) did exhibit a sharp, intense peak 
at 300 °C corresponding to the desorption o f cyclohexylamine 
from Br0nsted sites.27
The derivative thermogram for the desorption o f cyclohexy­
lamine from SW-TMA/H samples (Figures 3c—e) contained 
evidence for both protonated cyclohexylamine and TMA+ 
cations. A broad peak in the 120—220 °C region is clearly 
observed, which becomes less intense and shifts slightly as more 
acid is used. The TMA+ desorption maximum at 415 °C for 
SW-TMA/12H is much more intense than that for cyclohexy­
lamine desorption at 310 °C, which reflects the lower proton 
content. However, as the amount of acid used in sample 
preparation increased, the maximum at 310 °C grew while that 
at 415 °C decreased. This confirms that both protons and TMA+ 
cations reside on the exchange sites and that the relative 
occupancy o f protons increased as the acid concentration 
increased. This figure further reinforces the fact that TMA+ ions 
can compete very effectively with protons for exchange sites 
on the clay. The desorption in the dehydroxylation region shows 
two peaks with maxima at 620 and 725 °C. The intensity of 
the former remained constant in all samples, but the maximum 
at 725 °C, which was resolved from its neighbor, decreased in 
intensity and is attributed to the desorption o f CO2 produced as 
carbonaceous deposits (derived from cyclohexylamine) com­
bined with water evolved during dehydroxylation.27,29
a-Pinene is known to react readily in the presence of acid.30 
Under nonaqueous conditions, isomerization via ring expansion 
takes place to yield camphene. In highly polar protic solvents 
(e.g., H2SO4) monocyclic terpenes are formed via a ring-opening 
process to give a mixture o f p-menthadienes including limonene. 
This isomerization was chosen by Rhodes and Brown31 to 
support their contention that extensively acid-leached clays, 
which are essentially hydrophobic silica, were particularly suited 
for conversions involving nonpolar substrates. Their results, 
based upon work with a clay similar to STx-1, showed that the 
nature o f that particular clay surface was more significant than 
the number o f available acid sites.
Clearly, the type of clay has a profound effect upon the 
catalytic activity for a-pinene isomerization (Figure 4). In the 
absence of TMA+ both Sap-Ca and STx-1 were more effective 
catalysts for the process than SWy-2 and SAz-1. The high 
activity o f Sap-Ca could realistically be attributed to the
gaicumvc icucuu ig  u i u ic  c iay  us a c iu  u c u u n c m  p iu g ic sscu ,
making it similar to the catalyst used by Rhodes and Brown,31 
but this cannot explain the comparable activity o f STx-1 since 
this was not significantly leached under the conditions herein. 
Preliminary studies associated with acid-activated polycation- 
exchanged clays have shown that mildly acid-activated SWy-2 
is a more effective catalyst for this process than SAz-1 although 
only three samples were investigated.21 This difference in 
catalytic ability between SW-H and SA-H samples is conclu­
sively proven herein.
The type of clay utilized also influenced the activity of the 
TMA/H samples. In all cases the lowest activities were recorded 
using the TMA+-saturated clays, confirming, as anticipated, that 
exchange with TMA+ alone did not enhance the catalytic 
activity. The total conversion for S W-TMA/H samples exhibited 
the largest increase in yield (from 50% for SW-H) to 88%, 
which incidentally represents an 8-fold increase over SW-TMA. 
The conversion over ST-TMA/H samples increased slightly from 
62% to 73% whereas the yields for SCa-TMA/H and SA- 
TMA/H samples decreased from 60% to 50% and from 35% 
to 20%, respectively. In general, the activity for all TMA/H 
samples increased with the extent o f acid treatment reaching a 
plateau between 48 and 72 mmol H+ before declining after 
preparation in more concentrated acid. The absolute yields for 
camphene and limonene are similar to those obtained in the 
preliminary studies19*21 which were obtained after 2 h at 80 °C 
and are considerably higher than those reported for extensively 
acid-leached Texas bentonite.31 The yields obtained herein are 
comparable with the values o f 80 and 90% reported for 
ultrastable zeolite Y  (USY) and Al- and Al,Fe-pillared interlayer 
clays (Al-PILC and Al,Fe-PELC, respectively) obtained after 5 
h in a sealed glass reactor at 100 °C .20
As anticipated, the product distribution o f terpenes (Figure 
5) followed the order camphene > limonene > others, with the 
exception o f the SW-TMA/H clays, where the yield of other 
products is higher than that o f limonene. The selectivity toward 
camphene, limonene, and the minor products was essentially 
the same for all the clays and can be broadly described as 65 ±  
10%, 25 ±  8 %, and 12 ±  8%, respectively, to encompass all 
the catalysts. The ratio o f camphene to limonene is near 2.6: 
1.0 compared with a value o f 2.2:1.0 obtained at 80 °C for 2 
h19 and less than the ratio 3.0:1.0 obtained over USY, Al-PILC, 
and Al.Fe-PILC.20 Thus, the clay-based samples are not as 
selective toward camphene as the permanently porous catalysts, 
but the yields are competitive and the catalysts are more 
economic to produce.
In our preliminary studies the aim was to evaluate how the 
nature o f the selected organocation influenced the catalytic 
activity o f a particular series o f AAOCs and this unequivocally 
demonstrated that clays containing TMA+ cations were much 
more effective than than those containing alkyltrimethyammo- 
nium cations or polycations. This difference in catalytic activity 
was attributed to congestion o f the galleries in clays containing 
significant quantities o f  large organocations and, in the case o f  
polycations, an inability o f the organoclay complex to expand 
in the presence o f the organic reagent The work o f  Watson22 
suggested that there was a correlation between the amount o f  
TMA+ on the AAOC and the resulting catalytic activity but 
there was no comparative data with catalysts prepared using 
the same amount of acid in the absence o f TMA+ cations. Figure 
6 suggests that the total conversion (based on a-pinene) was 
optimized when 25—30% of the exchange sites o f SWy-2 and 
STx-1 were occupied by TMA+ cations. The yield over SAz-1 
may be influenced by the higher loading o f TMA+ cations on 
the surface, which were much more resistant to displacement
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Figure 5. Product distribution for the catalysts derived from (a) SWy- 
2, (b) STx-1, (c) SAz-1, and (d) Sap-Ca.
by protons than TMA+ on the other clays under investigation. 
Moreover, it has been suggested that the high charge density 
on the surface o f SAz-1 means that the distance between 
neighboring TMA+ cations is insufficient to accommodate 
benzene, toluene, and xylene molecules, thus reducing the ability 
o f TMA+-SAz-l to function as an effective sorbent for the 
removal o f these pollutant molecules from water.32 Therefore,
100
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Figure 6. Correlation of the percentage of TMA+ vs percentage of 
total conversion for acid-treated organoclays (♦ ) SWy-2, (■) STx-1, 
(a ) SAz-1, and ( • )  Sap-Ca.
the low activity of the SA-TMA/H samples may be attributed, 
in part, to insufficient space to accommodate the a-pinene 
molecules at the active site. SCa-H samples were much more 
catalytically active than their TMA+-containing counterparts. 
Hence, the reduction in overall yield over the SCa-TMA/H 
samples probably reflects an extensively leached saponite 
surface which has TMA+ cations occupying exchange sites that 
would be more effective in the isomerization process if  they 
were occupied by protons.
Clearly, the nature of the raw clay plays an important role in 
the resulting properties o f the AAOC. The behavior of SWy-2 
closely mimics that previously observed in preliminary inves­
tigations using a Slovak montmorillonite, a Czech beidellite, 
and a ferruginous smectite insofar as the synergy between an 
organophilic surface and protons significantly enhanced the 
activity o f the AAOC for a reaction involving a nonpolar 
substrate. The samples based on Sap-Ca must remain outside 
the present discussion because the depopulation o f the octahedral 
sheet is more like clays rich in octahedral aluminum that have 
been activated in hot acid.31 Nonetheless, it serves as an 
appropriate marker and emphasizes that similar activity can be 
imparted to S W-TMA/H samples without the production o f large 
quantities of acidic Al3+- or Mg2+-containing solutions. The 
behavior of SAz-1 and STx-1 are more difficult to explain since 
these samples behave incongruously. Mildly acid-activated 
STx-1 is an excellent catalyst for the isomerization o f a-pinene 
and its activity is only marginally enhanced via the incorporation 
of TMA+ cations, although the dependence o f total conversion 
on TMA+ content closely follows that for SWy-2 (Figure 6). 
Currently, we have no complete explanation for the marked 
activity of STx-1, although a dispersion o f STx-1 has a pH of  
7 compared with SWy-2 which has a pH o f 9. This may imply 
that the edge sites on STx-1 are inherently more acidic than 
those on SWy-2. Finally, the activity o f SAz-1 is significantly 
reduced by the incorporation of TMA+ cations, as it was by 
the incorporation o f polycations.21 One possible explanation for 
this behavior is that the gallery surface accessible to a-pinene 
in the presence o f TMA+ cations is insufficient to allow access 
to the catalytic sites.
Conclusions
The results herein show that the AAOCs contain a mixture 
of H+ and TMA+ ions and that they are capable of conversions
zeolites. The activity depends on the nature of the parent clay 
utilized, and some acid-activated source clays are active in their 
own right whereas the activity of others is enhanced by the 
synergy between adsorbed H+ and TMA+ ions. Thus, the 
catalytic activity for the isomerization for a-pinene was excellent 
for AAOCs formed from SWy-2 and STx-1, moderate for Sap- 
Ca, and low for SAz-1. The major products of the isomerization 
of a-pinene were camphene and limonene, indicating that the 
reaction proceeded via expansion to derivatives of bdmane and 
ring opening to p-menthene derivatives. The catalytic activity 
of the more active AAOCs was optimized when 25—30% of 
the exchange sites were occupied by TMA+ ions.
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